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 Segmented polyurethanes (SPUs), as a class of elastomers, display a large degree of 
toughness and elasticity. To modify the mechanical properties of an SPU matrix, high elastic 
modulus fillers may be added. In this work we systematically correlated the relationship between 
silicon dioxide (silica) particles size and functionality on the resulting mechanical properties of 
the SPU-silica composites.  
SPU was synthesized of poly(tetramethylene glycol) soft segments, which contribute to the 
extensibility of the SPU, and hexamethylene diisocyanate-butanediol hard segments (HS), which 
contribute to the SPUs modulus and toughness. Blends of SPU with 25 wt% HS and silica 
nanoparticles, micrometer-sized silica particles and methyl modified silica nanoparticles were 
prepared. SPU-silica particle composites were also evaluated when silica particles were 
covalently attached to the SPU matrix. The HS concentration of in situ SPU-silica particle 
composites was also increased to 35 wt% and 45 wt%. 
 Blended composites displayed poor mechanical properties due to a weak interaction of 
silica particles with the SPU matrix and poor control over silica particle location within the 
composite. Covalently attached silica particles were relegated to HS-rich domains, introduced an 
astonishing 10-fold increase in strain-at-break (from 200 % for the pristine SPU to >2100 % with 
addition of 0.5 wt% and 1.0 wt% silica nanoparticles concentrations). A decrease in elastic 
modulus was observed due to disruption of the HS crystallinity. In situ SPU-amine modified 
silica nanoparticle composites displayed the greatest increase in strain-at-break over the largest 
range of silica nanoparticle concentrations. The variation in properties for SPU-amine modified 
 xviii 
silica nanoparticles composites was due to a difference in reactivity and nature of the amine 
functional silica nanoparticles compared to that of the unmodified silica nanoparticles.
 Micrometer-sized silica particles and di- and octa-functional polyhedral oligomeric 
silsesquioxane (POSS) molecules were added to an SPU matrix in situ. Mechanical reinforcement 
was not observed for di-functional POSS, which did not act as a cross-linking agent. 
We have established a correlation between silica particle placement within an SPU matrix 
and the structure-properties relationship of the final polymer composites. A molecular level 
representation of the SPU chains near the silica fillers was proposed for the SPU-silica filler 
composites. A cause for the extraordinary increase in strain-at-break with in situ addition of the 




CHAPTER 1: INTRODUCTION 
 
1.1 Dissertation Outline and Goals 
 Segmented polyurethanes (SPUs) are an intriguing class of polymer. Their unique 
heterogeneous composition creates an environment in which phase separation of the dissimilar 
blocks is favorable.1 This phase separated structure is responsible for a material with robust and 
tailorable mechanical properties.1-3 The physics that govern polyurethane (PU) morphologies and 
phase separation is so complex that all the relationships between chemistry and properties have 
yet to be clearly identified nearly 85 years after Otto Bayer's seminal work in the synthesis of 
PU.2 The purpose of this dissertation is to advance the understanding of the structure and 
properties relationship in a PU made of the hard segment (HS) 1,6-hexamethylene diisocyanate 
(HDI) and 1,4-buntanediol (BDO). PU morphologies will be evaluated as they relate to pristine 
SPUs with different compositions. In addition, a molecular-scale understanding of SPU/silicon 
dioxide- (silica) based filler composites will be achieved by comparing pristine SPU with blended 
SPU composites and SPU composites in which the silica filler is added in situ during the matrix 
synthesis. 
 Chapter 1 will focus primarily on introducing PU and the subclass of SPUs. An overview 
of history, chemistry, morphology and properties will be discussed as it relates to the 
macromolecular physics that govern SPU properties and structure. A cursory review of a variety 
of mechanical properties for SPU composites is discussed. 
 Chapter 2 will describe the underlying science that governs the methods used to 
characterize the SPU samples in this dissertation. A nomenclature for SPU samples will be 
described and  an outline of experiments is proposed.  
Chapter 3 will evaluate a double-crystalline SPU system that is not reinforced by a silica 
filler. Here an exploration of HDI-BDO HS with semi-crystalline poly(ethylene glycol) (PEG) 
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produces a system in which soft confinement of the soft segment (SS) is achieved by varying HS 
concentration. It will be shown that soft confinement of the SS is achieved but that is an equal 
confining effect of the HS by the SS.  
 Chapter 4 will evaluate the effect of physically bonded, via blending, spherical silica 
particles on an SPU matrix’s morphology and properties. A comparison between pristine SPU, 
composed of HDI-BDO and poly(tetramethylene glycol) (PTMG), and one-of-3 sets of blended 
composites containing either silica nanoparticles that are ~12 nm in diameter, silica particles that 
are ~1.0 μm in diameter or 12 nm silica nanoparticles modified so that they are coated with 
methyl (CH3) functional groups. The effect of particle size and functionality will be evaluated as 
it relates to composite mechanical properties and morphology.  
 Chapter 5 will introduce in situ SPU-silica nanoparticle composites in which silica 
nanoparticles are added to SPU during synthesis of the matrix. This will lead to covalent 
attachment between the SPU and the silica particles due HDI reactivity with the silanol (Si-OH) 
functional groups present on the surface of the silica nanoparticles. A series of composites will be 
evaluated containing ≤5 wt% silica nanoparticle concentration. SPU HS concentration was 
maintained at 25 wt%. The tensile properties for this series of composites will be explored and 
related to morphological changes of the SPU at the nanometer and micrometer length scale due to 
the presence of silica nanoparticles.  
 Chapter 6 will explore the effect of in situ added silica nanoparticles during SPU 
synthesis. In this chapter we will vary the HS concentration from 25 wt% to 35 wt% and 45 wt%. 
The tensile properties for these series of composites will be explored and related to morphological 
changes of the SPU at the nanometer and micrometer length scale due to the presence of silica 
nanoparticles.  
 Chapter 7 will evaluate the relationship between the changing strength of the covalent 
bond between the silica nanoparticle and the SPU matrix. This will be achieved by changing the 
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surface functionality from silanol to amine groups. Amine functional groups will react with 
isocyanate groups during synthesis to form urea bonds. SPU HS concentration was maintained at 
25 wt%. The tensile properties for this series of composites will be explored and related to 
morphological changes of the SPU at the nanometer and micrometer length scale due to the 
presence of amine modified silica nanoparticles. 
 Chapter 8 will evaluate the effect of silica filler size on the mechanical and 
morphological properties of the SPU/silica filler composites. Micrometer-sized silica particles 
and molecular-sized polyhedral oligomeric silsesquioxane (POSS) will be added to the SPU 
matrix in situ. In order to observe the effect of cross-linking on the in situ composites a series of 
octa-functional POSS molecules, having 8 possible linkages with the SPU matrix, will be 
compared to a series of di-functional POSS molecules that have only 2 possible linkages to the 
SPU matrix (i.e. cross-linked vs. linear). The tensile properties for these series of composites will 
be explored and related to morphological changes of the SPU at the nanometer and micrometer 
length scale due to the presence of silica filler. 
 In Chapter 9 we will summarize the conclusions gathered during the prior chapters. 
Suggestions for future work will be presented.  
1.2 Background and Literature Review  
 Composite materials have been important in many of mankind’s technological 
advancements.4 Composites may be defined as a material, either man-made or natural, that 
possesses more than one constituent part. These constituent parts lead to a heterogeneous mixture, 
with the individual materials remaining separate on a microscopic or macroscopic scale, which 
makes them differ from alloys.4, 5 Composites often have many benefits over pristine materials as 
they usually possess properties that are a combination of its constituent parts.5 With the advent of 
nano-sized materials, many new composites have been created, which have surpassed the 
properties of the individual materials.6 Materials selection criteria and charts have been developed 
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by Professor Michael Ashby of Cambridge University, an example of which can be seen in Figure 
1.1.5 These charts have been useful in identifying the trend in composite properties over their 
constituent properties. A new age of materials science has begun with the ability to study and 
control the structure of homogenous materials and composites on the nanometer-scale and 
smaller.7 
 
Figure 1.1: Ashby plot of materials based on elastic modulus vs. density of material5 
  
 Electron microscopy and X-ray scattering have been used to discover that many natural 
materials are in fact complex composites of ceramics, metals and polymers (in the form of 
proteins, DNA, etc.). Bones, for example, have been discovered to be a complex hierarchical 
organization of ceramic plates with soft nanometer thick polymeric materials layered in-
between.8, 9 These structure order on ever larger length scales to become materials that are both 
light and strong. Current efforts in materials science have focused on achieving precise placement 
and growth of phases in a composite material.6, 10, 11  
 Nearly all commercial products of yesteryear have been replaced by a polymeric analog 
or have polymers involved in their current formulation. The elastomeric nature of a class of 
polymers, aptly named elastomers, provides a large potential for deformation (extensibility). 
These flexible polymeric materials, however, tend to have a low elastic modulus.12 A possible 
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solution to enhance the elastic modulus of the elastomer matrix is to incorporate a higher elastic 
modulus material within the matrix.6, 13 
 Polymer composites originally used micrometer-sized fillers such as glass fibers, carbon 
fibers, etc. to add strength to many materials. Large concentrations of filler, >10 wt%, were 
required to have a reinforcing effect on the polymer matrix. At these high filler concentrations the 
total density of the composite would be significantly higher than that of polymers, which 
generally is ~1 g/cm3.14 Polymer nanocomposites (PNCs) have the potential to improve properties 
over conventional filler polymer composites. The potential improvement is due to the minimal 
amount of nanometer-sized filler required to enhance the polymer matrix's properties. <10 wt% 
nanometer-sized filler is all that is required due to the high surface area to volume ratio of many 
nanofillers. The low concentration of nanofiller required to enhance the properties of PNCs also 
has the added benefit of making the total density of the PNC lower when compared to 
conventional polymer composites.7, 15, 16   
 PU is a versatile and commercially important polymer used today. The tailorability of 
PUs chemistry allows for the control of many properties. The unique characteristics of PUs make 
them advantageous for use as a structural material.3, 17-19 In general, PUs possess the structure  
-(X―Y)-n, composed of a macrodiol SS and urethane rich HS. The segments have compositions 
which are incompatible with the other. This incompatibility drives phase separation into 
nanometer-scale domains. These nanometer-scale domains are responsible for much of SPUs 
mechanical properties.1, 20, 21 The ability to control the structure, morphology and kinetics of the 
SPU has attracted great attention from both scientific and industrial communities and makes 
SPUs ideal for continued research as a matrix material in PNCs. 
1.2.1 Polyurethane History 
 In 1937, Otto Bayer, of the I.G. Faber Bayer Corporation, performed the pioneering work 
on PU. Otto Bayer and colleagues took advantage of the known polyaddition reaction of 
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isocyanate (NCO) and alcohol (OH) functional groups to develop a linear polymer possessing a 
large number of urethane bonds, also known as a carbamate bond, shown in Figure 1.2. The first 
fibers of PU were composed of HDI and BDO.22 The practical use of these early PUs and those 
produced in the following 2 decades were limited to very specialized purposes due to their 
tendency to be highly crystalline with high stiffness and low processability.19  
 
Figure 1.2: The urethane repeat unit that constitutes a component of SPUs 
 
 In the 1950s, advances in PUs by Schoellenberger of the B.F. Goodrich company focused 
on the formation of thermoplastic PUs. A thermoplastic material can be continuously melted and 
re-shaped. The increased processability of thermoplastic PUs (TPUs) was achieved by addition of 
an oligomer chain of either polyester or polyether, i.e. containing a repeat -COO- or a -C-O-C- 
moiety.22 These chains typically have a molecular weight (MW) of about 2000 g/mol but can 
range from 1000 g/mol to 8000 g/mol.3 MW is a measurement of polymer size and is related to 
the product of the molar mass of the monomers and the average number of repeat units, also 
known as degree of polymerization (N).23 The macrodiol chains, when tethered on both ends by 
the urethane rich segments, have restricted mobility decreasing the intrinsic melting temperature 
of the SS. The amorphous fraction in these TPUs creates a polymer with elastomeric properties 
held together by rigid HSs.1 
1.2.2 Polyurethane Chemistry 
 A product may be called a PU if there is at least one urethane bond within one of the 
repeating structures.22 PU formation takes advantage of the condensation reaction between an 
active hydrogen and an NCO. In urethane chemistry the active hydrogen species is commonly 
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found within the OH end group. Formation of NCOs is most commonly achieved through the 
phosgenation of amines, Figure 1.3. This reaction requires the use of phosgene, a highly toxic gas 
used in World War I as a chemical weapon. The by-product of this reaction, hydrochloric acid, is 
equally hazardous.2  
R—NH2 + COCl2 → R—N=C=O + 2 HCl 
Figure 1.3: Isocyanate formation via the phosgenation process 
 
 In recent years a great deal of research has gone into production of environmentally 
benign materials for PU synthesis. Although phosgene is still used to produce the bulk of NCOs. 
Not discussed here is the area of waterborne PUs. This field takes advantage of the kinetics of 
synthesis such that water can be used as a solvent in place of the highly volatile and hazardous 
tetrahydrofuran (THF), dimethylformamide (DMF) and dimethylacetamide (DMAc).17, 24-26 In 
addition, alternate methods for NCO production have been explored and currently have been 
demonstrated by Degussa and a few other companies. A phosgene-free method of producing 
aliphatic NCOs via a urea method has obvious environmental advantages, but costs tend to be  
5 % to 10 % higher than traditional NCO production. 27-29  
 The reactivity of NCOs makes them susceptible to potential side reactions. NCOs 
reactivity with common functional groups is demonstrated below with primary amines being 
significantly more reactive with NCOs than other functional groups.3   
NH2 >> OH > H2O 
 One of the most detrimental side reactions is related to the presence of water in a 
reaction. Water is hard to completely remove from reactions involving hygroscopic materials, 
which include BDO chain extenders or DMF and DMAc solvents. Each water molecule in the 
urethane reaction has the ability to react with 2 NCOs to form 2 primary amines. These primary 
amines will react with NCO to form ureas. One water molecule therefore can use up to four NCO 
molecules. This example of how one water molecule can significantly affect stoichiometric 
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values of NCO is cascaded by the trace amounts of water present under average ambient 
conditions. The bulk of commercial PU materials are more accurately described as 
poly(urethane ureas) (PUUs). A urea differs from a urethane in that the urea functional group is 
the result of an NCO and primary amine reacting. The most common reaction schemes in 
urethane chemistry are laid out in Figure 1.4.3  
 (1) Urethane Formation  
  R—NCO + OH—R' → R—NHCOO—R'  
 (2) Urea Formation  
  R—NCO + H2N—R' → R—NHCONH—R'  
 (3) Reaction with Water  
  R—NCO + H2O → R—NHCO—OH → R—NH2 + CO2  
 (4) Allophonate Formation  
  R—NCO + —NHCOO— → —N—COO—                                                                 
                              R—NH—C=O  
 (5) Biuret Formation  
  R—NCO + —NHCONH— → —N—CO—NH  




Figure 1.4: Common reactions that take place during PU synthesis, the chemistries highlighted in blue and 
red are the urethane and urea bond respectively 
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 In order to prevent the NCO reaction with water, steps are taken to dry reactants and 
solvents. Catalyst choice is critical in preventing NCO reaction with water. There are 2 main 
classes of catalysts used in PU synthesis: tertiary amines and organometallic species. The most 
common organometallic catalysts are tin based, e.g. dibutyltin dilaurate. Tertiary amines, unlike 
organometallic catalysts, increase the reaction rate of NCOs with amines, hydroxyls and water. 
To aid in prevention of water reaction with NCOs, choice of an organometallic catalyst is 
suggested. The organometallic species will only increase the reaction rate of NCOs with amine 
and hydroxyl functional groups, not water. The mechanisms by which the catalysts increase 
reactivity is different; but, in general, a complex is formed with the carbon of the active hydrogen 
species forming a carbonium ion like dipole, which will destabilize the NCO structure.3, 30 The 
aromatic rings of 4,4'-methylenedipheynl diisocyanate (MDI) and other aromatic NCOs also 
destabilize the isocyanate structure and make them more reactive than aliphatic NCOs. Catalysts 
have been shown not to be necessary when using aromatic NCOs, however, catalysts are still 




1,6-hexamethylene diisocyanate (HDI) 2,4-toluene diisocyanate   2,6-tolune diisocyanate (2,4-TDI    2,6-TDI)
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 In addition to NCO reactions with water, NCOs may also form with the secondary 
amines in the urethane and urea repeat units to form allophonate and biuret groups, respectively. 
Formation of these groups is accelerated at elevated temperatures in the same range that is 
desirable for optimal urethane formation kinetics.2, 3, 22 These side-reactions are sometimes 
favorable as they add a degree of chemical cross-linking to the PU or PUU and 0.2 molar excess 
of NCO is sometimes added intentionally during synthesis to react during curing post-synthesis. 
These cross-links have been shown to increases hardness, modulus and tear strength. Allophonate 
and biurets are thermally liable and disassociate into their subsequent parts at ~110 °C and  
120 °C.31 
 While similar to urethane in chemistry and properties, the di-substituted urea functional 
repeat unit has a higher melting temperatures than the urethane bond. These higher melting 
temperatures are a result of the 2 secondary amines each taking part in what is described as 
bidentate hydrogen bonding as shown in Figure 1.5. The urethane bond on the other hand takes 
part in monodentate bonding due to only one secondary amine within the amide structure.1  
COMMON MACRODIOL SOFT SEGMENTS
Polyethers Polyester
Poly(ethylene glycol) (PEG) Polycaprolactone (PCL)
Poly(tetramethylene glycol) (PTMG) Polysiloxane
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Figure 1.5: Representation of monodentate and bidentate hydrogen bonding found in urethane and urea 
linkages respectively 
 
In an ideal PU or PUU system, in which there is no chance of the HS hydrogen bonding with the 
SS, all monodentate and bidentate bonds will take place between the secondary amines and a 
negatively charged carbonyl oxygen within the urethane and urea bonds. Hydrogen bonding aids 
in the drive towards phase separation as well as in the energy required to thermally and/or 
mechanically destroy the HS. The effect of the additional hydrogen bonding within the HS is a 
factor in PUUs high melting temperature; typically >200 °C.1   
 
1.2.3 Polyurethane Synthesis Techniques 
 The synthesis of PU is a step-growth condensation reaction. The step-growth kinetics 
prohibits control over the final products MW, which is governed by the initial monomers and 
reaction conditions. After the initial monomer reactants are mixed with one another they form 
COMMON CHAIN EXTENDERS
Diols Diamines
1,4-butanediol (BDO) 1,4-butanediamine (BDA)
NH2NH2OH
OH
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dimers, trimers, etc. until a polymer of high MW is achieved.2 Step-growth kinetics cannot 
precisely control the MW; however, for an ideal step-growth reaction the polydispersity index 
(PDI) is 2.32  
 The high MWs achieved from the initial monomer and oligomer reactants are due to the 
linking of chains by the urethane rich HS. The HS is composed of a multifunctional NCO with 
functional groups greater than or equal to 2 and in many cases a chain extender, which is a short 
diol or diamine. The number of repeat units within the HS also may vary but is assumed to 
statistically be related to the weight percent of HS monomer reactants added to the PU synthesis. 
Therefore, ideally if 25 wt% of the total reactants of the system is monomers that comprise the 
HS then the weight of the HS covalently attached between 2 macrodiols will be statistically equal 
to about 25 wt% of one macrodiol. Reality can be far from ideal and polydispersity exists even 
within the HS lengths, which has a significant impact on phase separation and crystallization. The 
final MW of the reaction depends on control of the reactant stoichiometry. As is the case with all 
step-growth reactions, keeping the reactive functional groups ratio at unity is critical in creating 
linear, high MW end-products. 
 Synthesis of PU has 2 main modes of production. The method used in this dissertation is 
known as the 2-step or "prepolymer" method which is laid out in Figure 1.6. The use of solvent is 
optional but does aid in production of higher MWs and linear chains. As the name suggests there 
are 2 steps that take place in the 2-step process. The first step is known as the end-capping step 
and is associated with adding NCO functionality to the macrodiols. The second step is known as 
the chain extension step, when the chain extender is added to the reaction. In this step the HSs 
grow and the PU chain MW is increased to the final amounts. The 2-step process is less favorable 
in industry due to the multiple steps required. Industrial practices favor the use of the one-shot 
method in which all reactants are added to a reaction vessel at once prior to the reaction 
proceeding. The one-shot method can also be performed without solvent.  














































Figure 1.6: 2-step prepolymer method for SPU synthesis 
 
The use of little to no solvent and choice of the one-shot method produces high MW PUs but with 
more side reactions. PUs made in this way do not display good linearity and contain regions of 
very high and regions of low HS content. HS length is not as homogenous through the system.  
 Choice of chain extender is important to the HS crystal alignment and hydrogen bonding. 
These 2 parameters are optimized when the number of carbons in the chain extender is even.33  A 
slight mismatch when an odd number of carbons is used has been shown to be significantly 
detrimental to mechanical properties. 
1.2.4 Bonding in Polyurethanes 
 One of the key elements explored in PU structure and properties is the effect of hydrogen 
bonds within the HS. Hydrogen bonding is a van der Waals interaction significantly stronger than 
Leonard-Jones interactions. Hydrogen bonds are a special type of dipole-dipole interaction that 
take part due to the high electronegativity of the atoms the hydrogen atoms are bound to, e.g. the 
oxygen in water, the nitrogen in ammonia. In PUs there are 2 main bonds. Covalent bonds within 
the polymer chain and at cross-linking sites with an energy of about 300 kJ/mol to 500 kJ/mol 
and hydrogen bonds which are significantly weaker but can be summed up over a large range to 
become significantly strong (possessing energies of 5 kJ/mol to 20 kJ/mol). Although not used 
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frequently in PU synthesis, living ionic polymerization of PUs has been performed by Wilkes and 
produced a PU HS that had no hydrogen bonding. This was achieved by removing the secondary 
amine by addition of a piperzine which created a tertiary amine with no active hydrogen species. 
Wilkes showed that despite the lack of hydrogen bonding in the HS the PU still possessed good 
phase separation and mechanical properties. Chapter 3 and 4 will discuss how hydrogen bonding 
plays a role in the SPUs synthesized as related to this thesis. 
1.2.5 Block Copolymers and Phase Separation 
 To fully understand the complexity of PU structures and properties, an initial degree of 
investigation must be focused around simpler block copolymer (BCP) systems. A BCP is a 
heterogeneous polymer chain in which at least one type of polymer is bound covalently to a 
chemically dissimilar polymer. There are a number of architectures that have been observed in 
BCPs which are displayed in Figure 1.7. In many BCP systems the size of each block is well 
controlled, typically via living polymerization synthesis, which simplifies the thermodynamics 
and phase diagrams associated with such a system. For a system of covalently tethered dissimilar 
polymers we see interesting phase behavior as a result of enthalpic and entropic factors.34-36 The 
thermodynamic interaction between 2 dissimilar molecules A and B is given by the Flory-
Huggins interaction parameter, χAB. The value of χAB for 2 polymers is usually positive indicating 
that their mixing is not favored. Assuming the 2 polymers are blended and not bound together this 
chemical incompatibility drives macrophase separation possessing micrometer-sized domains of 
A and B. In a BCP, since each block is bound to a chemically incompatible partner, macrophase 
separation is not possible and instead BCPs undergo micro-phase separation with nanometer-
scaled ordering of ~5 nm to 100 nm.  
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Figure 1.7: Schematic representation of different types of block copolymer architectures36 
 
 The product χN of a BCP system determines the strength or degree of segregation of 
these nanometer-scale domains. N is the degree of polymerization of the polymer and χ is the 
aforementioned Flory-Huggins interaction parameter. The morphology of the BCP nanostructure 
is determined by the volume fraction (f) of one block. The relationship between χN and f is the 
basis for the BCP phase diagram. For a BCP system, χ is inversely related to temperature by 
Equation 1.137 
χ = α + βT 
 
Equation 1.1 
α and β are experimentally determined coefficients representing the enthalpy and entropy of the 
system; their values depend upon f and N.  
 A BCP phase structure turns into a disordered melt as a function of temperature, which 
Equation 1.1 shows is a result of lowering χ, as well as increasing the entropic term in the Gibbs 
free energy of mixing. The temperature at which the system transitions from order to disorder is 
known as the order-disorder transition temperature (TODT). 
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1.2.6 Phase Separation and Morphology of Segmented Polyurethanes 
 SPUs are referred to as a multi-block copolymer. SPUs are defined by short sequences of 
alternating blocks. Figure 1.8 displays a phase separated structure of a idealized fully crystalline 
HS and a fully amorphous SS. Phase separation of SPUs is governed by 3 competing factors, 
namely thermodynamic driving force towards phase separation, molecular mobility of the 
components which influence the speed at which phase separation may take place and the fraction 
of crystallization of each segment.38 As HS content increases, phase separation increases due to a 
greater interaction potential between longer segments. 
 
Figure 1.8: Common phase separated structure of stacked crystalline HS and amorphous SS18 
 
Although dependent on HS chemistry, generally when HS concentration is <15 wt% to 20 wt%, 
much of the HS exists poorly organized within the SS domains. At 20 wt% to 30 wt% HS, 
globules start to form which increase in size with increasing HS content. Around 40 wt% to  
60 wt% HS, an inter-connected HS domain is likely to form.1 The last 2 structures can be seen in 
Figure 1.9. Fourier transform infrared spectroscopy (FTIR) and small-angle X-ray scattering 
(SAXS) are the best methods for determining degree of phase separation. FTIR has been used to 
determine phase separation by comparing the areas of the secondary amine and carbonyl peaks 
that are hydrogen bonded to the areas of those peaks which are devoid of hydrogen bonding. 
Chapter 1: Introduction                                                                                                                  17   
Changes in SAXS invariants and inter-domain spacing are indicative of gradual dissolution of 
phase separated HS and SS with increasing temperature. Understanding the phase behavior at 
elevated temperatures is key to understanding mechanical performance by identifying the 
temperature of microphase mixing transition (TMMT) or TODT, in which phase mixing occurs 
between HS and SS.39 
 
Figure 1.9: (a) Globular HS domain at low HS content (b) inter-connected HS domain at >40 wt% HS 
content1 
  
 Morphology, which is the study of structure, may be explored on 3 levels in a 
hierarchical fashion. At first, an understanding of the crystal structure on sub-nanometer length 
scales may be explored by wide-angle X-ray scattering. The structures and interactions due to 
phase separation at ~5 nm to 100 nm length scales may be explored by SAXS, transmission 
electron microscopy (TEM) and FTIR. Superstructures formed from the phase separated structure 
are spherulites which may grow into micrometer sizes and can be observed optically. 
 Choice of SS and HS is critical in determining SPUs properties as their underlying 
chemical and physical natures dictate phase separation and crystallinity. Polyester, due to its high 
melting temperature (Tm), is semi-crystalline at ambient temperature. Therefore, polyester-based 
SPU generally have a higher elastic modulus than those of polyether-based SPUs. However, 
polyether-based SPUs are able to elongate to greater extents particularly as there is minimal steric 
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hindrance along the polymer chain backbone. Different NCOs also play a role in property 
selection with most NCOs taking part in linear, extended crystals that often do not fully 
crystallize except after long annealing times. HDI, on the other hand, due to its six flexible 
methylene units, crystallizes in a folded chain structure and has significantly higher molecular 
mobility than ring based NCOs.  
1.2.7 Mechanical Properties of Polyurethane 
 In general increasing SS length creates potential for increased strain-at-break. Polyester-
based PUs show higher tensile strengths then their polyether-based PUs.19 When a tensile load is 
applied to an SPU the stretching changes the conformation of the polymer chains. The following 
proposed model assumes 2 types of HS morphologies; fibrillar and lamellar. At low strains 
isotropically oriented SS increase in orientation in the strain direction. Stress induced 
crystallization may be detected for certain SPU chemistries. HS lamellae tilt towards stretching 
direction in the strain range of 25 % to 150 %. With increasing strain, 200 % to 250 %, 
morphology contains tilted HS lamellae. Bonart suggested paracrystallinity in oriented PU 
elastomers. Spherulite crystalline texture in segmented polyether-ether based PUUs disintegrated 
into a paracrystalline fiber texture upon elongation. Khransovskii attributed this to a change from 
a twisted HS form to a more extended state. The paracrystalline structures further deforms 
forming fibrils of HS aligned in the stretching direction. This HS rearrangement with increasing 
strain is one reason for the elastomeric properties of SPUs and is the result of plastic deformation 
of the polymer matrix.40 
 All the above systems assumed ideal PU structures, which have repeatedly been shown 
not to be the case. Chemical cross-links through allophonate formation further alter the structure-
properties relationship due to the creation of cross-links in the matrix. Stress-relaxation of cross-
linked elastomers occurs by scission of weak linkages formed by reaction of NCO and active 
hydrogen species. Di-substituted urea and biuret linkages are the weakest. Allophonate bonds are 
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much weaker than the intra-chain bonds of the backbone and have been shown to rupture at low 
strains, determined via stress relaxation experiments.41 
 MDI has better thermal stability than HDI as well as higher tensile strength. Tensile 
strengths of MDI were found to be ~36 MPa vs. ~12 MPa to 23 MPa for HDI. HDI showed better 
tensile strength when a small excess of diisocyanate was employed due to the formation of cross-
linking. As SS content increases, modulus of elasticity decreased while elongation increased. 
Oddly, elastic modulus dropped with addition of an excess of NCO by about half. It has generally 
been found for MDI that additional NCO to OH ratio reduced modulus and strain-at-break due to 
branch formation.42 HDI based PUs have shown the generally low tensile strength but good 
crystal formation compared to most NCOs. All urethanes measured had density of ~1.1 g/cm3 to 
1.2 g/cm3. Strain-at-break was nearly 1000 % and elastic modulus at 100 %  was 12 MPa for MDI 
and 8.8 MPa for HDI.43 
 Spherulite morphology could form from the melt by quenching PU and then annealing. 
SAXS used to investigate the phase separated structure corresponding to spherulite formation. 
Inter-domain spacing increased with increasing HS content and annealing temperature. Spherulite 
formation was shown to depend on thermal treatment not upon thermal degradation.44 Curing PU 
sheets required maturation so that free NCO could react with air's humidity to produce amine 
functional groups and urea groups. This curing enhanced the material modulus. As sample 
thickness increased allophonate groups took an increasing part as water took longer to penetrate 
through the material. Elastomers have self heating under cyclic load because viscoelastic 
response of the material stress and strain are out of phase and some of the dissipated mechanical 
work is converted to heat causing earlier fatigue of allophonate groups which are thermally 
liable.45 Cross-linking in HS reduced mobility of soft phase which was observed by a reduction in 
the crystallinity of HS phase. The glass transition temperature (Tg) of SS was used to define the 
mobility hindrance of the SS due to HS cross-linking which increased with cross-linker addition 
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suggesting phase separation had decreased but addition of the cross-linker did improve heat 
stability of HS.46 A PU ionomers' mechanical properties are decreased due to disruption of 
physical cross-linking by ionic species. Isothermal crystallization studies indicated that additional 
pyridinium, the ionic species, decreased crystallization rate at room temperature.47 In general, 
additional modes for increasing one property of SPU often comes at a cost. With cross-linking 
agents disrupting phase separation and morphological superstructures from forming, what might 
be expected to increase the polymer modulus might in fact lead to a decrease in modulus. Phase 
separation and morphological structures which are both thermodynamically and kinetically 
controlled might be further enhanced by applying proper annealing times, with cyclic isocyanates 
requiring longer times or higher temperatures to perfect phase separation and HS domain 
formation than their linear aliphatic counterparts. The role of filler on phase separation and 
crystallization which govern morphology and mechanical properties will be highlighted. To 
reduce phase separation in a semi-dilute solution SPUs must be placed in a very polar solvents. In 
THF SPU is in solution, unless very dilute, possess some degree of phase separation. It was 
shown that ion addition to THF can prevent intra- and intermolecular association in PU. 
Homogenous solutions of SPU in a solvent are more likely to form which might aid in 
processability.48 For elastomers we may assume that the Poisson's ratio is equal to 0.5 and 
therefore we can say that the shear modulus and the tensile modulus are related via Equation 1.2. 
G = 3E = ρRTMc  Equation 1.2 
Here, ρ is the density, R the gas constant and T is the absolute temperature with Mc is the 
molecular weight between cross-links. Variations from this formula are expected and can be quite 
large as SPU possesses a majority of virtual cross-links, not point cross-links, due to the phase 
separation of the HS which are heterogeneous in polydispersity and are able to be deformed and 
reoriented during an applied stress. In addition at high elongation modulus would increase due to 
strain hardening of the SS as the chains align, and as the PU HS is softened by increased 
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temperature the above relationship does not hold. Elastic modulus is expected to therefore 
increase with increasing cross-linking as the number Mc will decrease as cross-links density 
increase. Cross-linking also will tend to decrease the ability to stretch also as it introduces lack of 
HS ordering it may lower the modulus and we know that phase mixing lowers the modulus.49 
This creates a rather unique situation in which cross-linking may increase and decrease modulus 
depending on how it affects complex PU morphology and phase separation. Work by Ginzburg 
demonstrated an attempt in modeling the behavior of phase separation in a SPU that would lead 
to the mechanical properties and concluded that even though progress was made, a long way was 
still needed before proper modeling of morphology with mechanical properties is achieved. 50 
1.2.8 Polymer Nanocomposites 
 In the late 1980’s work by the Toyota Corporation on the industrial application of 
exfoliated nano-clays within a polymer matrix led to an explosion of interest in the field of 
nanocomposites.51  
 
Figure 1.10: Interfacial benefits of nano-sized fillers15, 52 
 
Nanocomposite properties differ from the properties of traditional composites, because the nano-
sized fillers have a larger surface area compared to filler volume. The greater proportion of filler 
in contact with the matrix results in more interactions, Figure 1.10. To achieve measurable 
Chapter 1: Introduction                                                                                                                  22   
changes in composite properties lower volume fractions of nano-fillers are needed, <10 %, vs. 
traditional composites, which need 15 % to 40 % micrometer-sized filler.7 Nanofillers possess at 
least 1-D or 2-D that are a few tens of nanometers in size. As bulk properties of the matrix are 
related to the radius of gyration (Rg) of the polymer, typically on the order of 2 nm to 20 nm, this 
means that nano-fillers directly affect the polymer chain’s conformations. In addition to nanofiller 
size, curvature at the interface and inter-particle distance become very important to bulk 
properties.7 
Table 1.1: Common fillers found in PU nanocomposites 
Filler Type Examples Benefits Dimensionality and Size 
Carbon Nanotubes 
Multi-walled Increased electrical conductivity 1-D 
Single-walled Increased mechanical properties d < 20 nm 
    l > 100s nm 
Nanoclays 
Laponite Decreased gas permeability 2-D 
Montmorillonite Decreased flammability ~20 x 100 nm2 
 
Increased mechanical properties ~100 x 1000 nm2 
Nanoparticles 
Magnetite Decreased flammability 3-D 
Titania Increased mechanical properties d = 10 - 200 nm 
Silica Potential functionality   
Graphene Graphene oxide Increased electrical conductivity 2-D 
  Increased mechanical properties ~100 x 1000 nm2 
POSS Molecules Closed Cage Decreased flammability 0-D 
Open Cage Increased mechanical properties d < 1 nm 
 
There are many types of nanoparticulates currently available and selection is no trivial task. A 
myriad of factors including cost, aspect ratio, composition, size, etc. must be taken into account 
when making a selection. The simplest variable which can be addressed is the dimensionality of 
the nanofiller. 2-D, 1-D and 3-D nano-fillers can be visualized as plates, tubes/rods, and particles. 
Silica nanoparticles and nano-clays were the first produced and most extensively studied nano-
fillers. Nanoclays are 2-D arrays of stacked silicate sheets. When exfoliated, the sheets separate 
from each other to the extent that they do not spontaneously re-aggregate.51 Property 
enhancements are observed when the nanofiller forms an interconnected network, reinforcing the 
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matrix completely.53 Recent work has suggested the importance of control over nanoparticulate 
placement is a polymer matrix. A small aspect ratio nano-clay, Laponite, was controllably placed 
in the hard domain of SPU. By placing the clay with a size similar to that of the SPU HS, 
modulus of the polymer matrix was increased while maintaining the elastic properties.54 
Exfoliation of nano-clays and their composites have been well studied by Giannelis.55 The 
exfoliation of 2-D arrays, as well as 1-D tubes, however, is difficult and requires the overcoming 
of significant van der Waals interactions. For these reasons, 0-D silica nano-fillers have been 
chosen as the particulate of choice for the proposed research. 0-D silica nano-fillers will have 
comparably low van der Waals interactions, sizes on the order of Rg, and a substantial wealth of 
literature discussing their synthesis; structure; properties; modification and composite properties.  
 Nanoparticles have been exploited to produce hierarchical structures by selective 
placement within particular domains which produce unprecedented performance increases.56 
Systematic work has been performed through molecular dynamics models and experiments in an 
amorphous homopolymer of polystyrene containing a polystyrene coated nanoparticle. The 
degree of modification of the surface of the nanoparticle and its concentration profoundly 
affected the organization of particles within the polymer matrix. A “phase diagram” could be 
generated displaying the conditions that govern the formation of either a dispersed particle 
network, nanoparticle strings, connected sheets or spherical aggregates by altering the grafting 
density of the polystyrene on the silica nanoparticle or by changing the ratio of the grafted 
polystyrene molecular weight to the matrix molecular weight.57, 58 Other research has been 
performed on the placement of nanoparticles into block copolymers systems. The literature 
provides a significant insight into the thermodynamics that govern this nanocomposite structure, 
with a strong drive for the nanoparticles to move to the interfaces of the block copolymers.59 
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Table 1.2: Typical storage modulus and strain-at-break of SPU nanocomposites 
Samples  E’ (MPa)  
Strain-at-







 24  380 %   PU
60  38.3  750 %  
PU 20 % Laponite6
 
 600  400 %   
PU 5 wt% 33 nm 
ZnO60
 
 23.9  116 %  
PU13 2.0  65 %   





60 26.0  460 %  
PU 10 % Nanoclay 
13 
 7.3  158 %   





60  37.2  490 %  
PU61
 
 2.5  100 %   PU
62  2.5  60 %  
PU 10 wt% 12 nm 
SiO
2
61  0.55  210 %   
PU Intercalated 
Nanoclay62  221  20 %  
PU 10 wt% 1.4 μm 
SiO
2
61  4.5  95 %   
PU 5 wt% 
MWNT63
 
 5.15  571 %  
 
While it is clear that research is beginning to quantify what previously was only experimental 
observations, there are still a great deal of unexplored domains in the area of  PU 
nanocomposites. SPU is significantly more complex than polystyrene, an amorphous 
homopolymer, and BCP, which have very well behaved phase separation. Additionally SPU is a 
structural polymer and has been chosen as the proposed matrix material for its potential use in 
applications. It is necessary to develop a physical model that governs the structure-property 
relationship of 0-D silica nano-fillers and SPU, which can only be done by systematic analysis of 
particulate additions effect on SPU . 
1.2.9 Polyurethane Nanocomposites 
 SPU nanocomposites have been the source of many property gains as well as 
contradictory data. 2 types of nanofillers will be discussed, nanoclays and nanoparticles of silica. 
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1.2.9.1 Polyurethane-Silicate Composites 
 Silicate compounds are made of clays which can be exfoliated or separated to produce 
layers that are polar. Clays historical importance in PNCs and particularly in SPU 
nanocomposites as one of the first nanocomposite filler has been due to their size and ability to 
reinforce polymer matrices, particularly when intercalated and exfoliated. Smectite clays, like 
Montmorillonite, have been the most investigated due to rich intercalation chemistry and low 
cost. Stacking of layers leads to a regular van der Waals gap known as the gallery or interlayer.64 
Nanoclay was first demonstrated to be an effective filler for reinforcement by the Toyota 
Corporation, which replaced hydrophilic Na+ and Ca2+ with more hydrophobic carbonium ion 
within the gallery so as to separate the layers. This allowed for the polymerization of  
ε-caprolactam in the interlayer gallery of the clay. Later work by Pinnavia showed that a 4.2 wt% 
loading of clay into Nylon doubled the modulus and increased strength of the composite by 50 %. 
Pinnavaia exchanged gallery ions with organophilic alkylammonium ions containing 12 and 18 
carbons per chain which increases the ability of the clays to be solvated by many common 
polyols. Good dispersion of the nanoclays results in an enhancement in many mechanical 
properties.13 McKinley, et al. adapted a processing technique using 2 solvents with different rates 
of evaporation resulted in the Laponite clays impregnating the HS only. This selective placement 
of clay into the HS domain resulted in a nearly 25 fold increase in modulus without a decrease in 
strain-at-break.6  
 Nanocomposites have added benefit on matrix stability beyond that of mechanical 
enhancements. The Tg of HS phase and storage modulus have been shown to substantially 
increase in presence of small amounts of tethered nano-sized silicates of Montmorillonite due to 
restricted motion of polymer chains near the rigid clay layers. Alignment of the clay is proposed 
to form near or within the HS-rich domains which also reduces oxidative attack of urethane bonds 
such that heat resistance may be enhanced.65 
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 Organo-modified layered silicates have additional affects on the microdomain 
morphology of the polymer matrix. Due to the size of the nanoclay particles the mean distance of 
HS was often unaffected by filler. However, interface was increased. Silicates induce phase 
separation and reduce domain size at larger concentrations but showed a micro-phase separation 
decrease at low loading due to compatibilizing of silicates on the segments.66 
 Although nanoclays have shown great promise in SPU composites, the increased steps 
required for them to be exfoliated may be unwanted due to the energy costs involved in 
separating the layers. Silica nanoparticles have been frequently looked at as an alternative to clays 
in nanocomposites owing to their small size and low costs. 
1.2.9.2 Polyurethane-Silica Nanoparticle Composites 
 Silica nanoparticles are spherical, amorphous and isotropic. They are abundantly and 
cheaply available. Silica nanoparticles are 3-D, typically possessing diameters between 10 nm 
and 60 nm, although particles as large as 700 nm have been used in literature. 2 common 
techniques for producing silica nanoparticles are the Stöber Method, which is a sol-gel process, 
and fumed or pyrogenic silica. Each method has advantages; the Stöber Method easily produces 
larger sized nanoparticles in solution but the particles made from this method are not fully dense. 
Fumed silica produces a fully dense silica nanoparticle by a physical method, which makes the 
nanoparticles difficult to disperse in a solvent.51 Silica nanoparticles have a density of 2.0 g/cm3 
to 2.3 g/cm3. A fully dense nanoparticle that is free of voids have a density of 2.3 g/cm3. Silica 
nanoparticles that are unmodified will possess an unknown number of surface silanol groups. 
 A great deal of literature can be found on SPU-silica nanoparticle composites. Much of 
the conclusions differ significantly as to whether addition of nanoparticles increases or decreases 
the composite properties compared with pristine SPUs. Silica nanoparticles with diameters 
between 200 nm and 700 nm do not significantly change the Tg of a SPU which corroborates the 
theory that the particle size must be equal to or less than the Rg of the polymer to have significant 
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impact on chain conformations.60, 67 This is important as many papers that discuss nanoparticles 
of 100 nm will inaccurately describe properties to the nanoscale effect. 
 At much smaller nanoparticle sizes, 12 nm diameter, silica nanoparticles were added 
from 0 wt% to 30 wt% in a SPU with 70 wt% and 50 wt% SSs. The presence of the nanofiller has 
been shown to have a significant effect on matrix morphology by suppressing the formation of 
fibrils within spherulitic morphologies and decreasing HS crystallinity. These phenomena 
indicate an interaction of the nanofiller with the HS-rich domains.68 An indication of the limit of 
particle concentration in a composite that remains dispersed was shown for the case of a 
poly(ether urethane) by TEM when loaded with up to 10 wt% 16 nm silica nanoparticles. At low 
loadings, <3 wt%, individual particles and small aggregates were well dispersed. Above 3 wt% 
particles agglomerated more significantly and were no longer well dispersed which gives a sense 
of the limit of nanoparticle filler concentration to achieve optimal surface area contact between 
matrix and filler.69 The affect of bond type between matrix and filler was studied for polyester 
PU/silica composites prepared by addition of silica nanoparticles in situ during SPU 
polymerization, by blending and by curing into cross-linked PU. Polyester SS was covalently 
attached to the nanoparticle in this work. More polyester adsorbed on the particles during in situ 
addition rather than blending methods and the better adsorption led to higher mechanical 
properties which suggests that an increased interaction between particle and matrix is favorable 
for increasing mechanical properties.70, 71 Increase mechanical properties of silica nanoparticles 
have been shown for the case of hardness and scratch resistance as well as tensile properties.72 
Silica particles, like HS, at low concentrations prevent crack propagation thus increasing the 
tensile strength of the SPU. At higher concentrations voids left within the matrix by particles 
increase the chances of failure and cause drastic reduction in tensile strength at a critical filler 
concentration.73. 
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 The number of variables present in an SPU composites means that the results observed 
for different research groups may be due to differences in SPU composition or processing. 
Different concentrations of nanoparticles, different size particles, different functionalities, 
different methods of incorporation, different SPU compositions, are all examples of what might 
change within the literature, all of which may vary structure and properties of SPUs significantly. 
Trends that are observed hold solely for the composite systems tested in each paper. It is our goal 
to systematically study the effect of nanoparticles addition within an SPU matrix.  
1.3 Conclusions  
 A cursory review of pristine PU and nanocomposite systems indicates there exists a 
nearly infinite number of chemical and structural possibilities in SPU composites. This 
tailorability in SPU composite result in a varied array of mechanical properties. Uncontrolled 
placement of nanofiller into a heterogeneous matrix material, e.g. PU, often results in undesired 
effects on properties. The heterogeneous nature of SPU and relationship to phase separation 
appear to dominate the mechanical properties of the product. Choice of SS and HS significantly 
impacts the degree of crystallization which will affect both phase separation and the reinforcing 
effect of high modulus crystals within soft amorphous chains. In addition, molecular mobility of 
the HS chosen will greatly influence phase separation and mechanism of alignment with regards 
to the thermal and mechanical history of the sample. In the dissertation work, we will 
systematically investigate SPU nanocomposite systems by observing the trends in SPU 
homopolymers and composites synthesized and processed under similar conditions. We will then 
vary one variable in the SPU composite system at a time to observed its effect on composite 
properties and relate the results to why particular properties are observed under specific 
compositions.
29 
CHAPTER 2: SAMPLE NOMENCLATURES AND CHARACTERIZATION 
TECHNIQUES 
 
2.1 Polyurethane and Composites Sample Nomenclature and Starting Materials 
 The 2 compositions of pristine SPUs investigated throughout this dissertation differ by 
their SS polymer composition. PUe and PUt are the prefixes for sample identification where e 
indicates an SPU possessing a PEG SS and t an SPU with a PTMG SS. 
Generation 1: 
 PUeXYY: PEG-based SPUs were comprised of an HDI-BDO HS and a PEG SS. The 
semi-crystalline PEG and HDI-BDO chains form a double-crystalline system at room 
temperature. An SPU with 2 semi-crystalline segments was selected in order to study the effect of 
the crystalline-glassy HSs on the confinement of SS. 3 types of PEG were chosen for SPU 
synthesis, each possessing a different MW. The MW of the PEG SSs was 2000 g/mol,  
4600 g/mol or 8000 g/mol. The X in the sample nomenclature corresponds to the SS's MW and 
will be either 2, 4 or 8 referring to 2000 g/mol, 4600 g/mol or 8000 g/mol. PEG-based SPUs were 
also synthesized with a number of HS concentrations. The HS concentrations varied between  
50 wt%, 60 wt% and 70 wt% of total solids content. All HS concentrations were expected to be 
above the HS percolation threshold and thus surround the SS domains; allowing for the 
confinement effect to be observed. YY refers to the HS wt% and will be 50, 60 or 70. As an 
example of the sample nomenclature: PUe250 refers to a PEG-based SPU sample with SS MW of 
2000 g/mol and a HS concentration of 50 wt%.  
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.  
Figure 2.1: Representation of the samples evaluated for the soft confinement study of PUeXYY systems. 




 PUtXX: Pristine PTMG-based SPUs and composites were synthesized with a 2000 g/mol 
PTMG SS. The PTMG SSs remained amorphous under ambient conditions (i.e. Tm < room 
temperature). The Gaussian coils structures that define the amorphous SS architecture are ideal 
for SPU used in structural materials. Samples of pristine PTMG-based SPU were synthesized 
containing 25 wt%, 35 wt% and 45 wt% HS concentrations. An example of the sample 
nomenclature is PUt25 which refers to a PTMG-based SPU possessing 25 wt% HS content.  
 Composites samples were composed of a PTMG-based SPU matrix and a variety of 
fillers, which may be separated into 5 categories. 
1) Unmodified silica nanoparticles, 12 nm in diameter, were acquired from Nissan 
Chemicals. Silica nanoparticles were added either in situ, during the synthesis of the SPU, or after 
SPU synthesis, as a blend. The effect of particle concentration on composite morphology and 
mechanical properties was studied. Generally, filler concentrations of 0.1 wt%, 0.5 wt%, 1.0 wt% 
and 5.0 wt% solids content were used. Sample nomenclatures for these composites have the 
format PUtXX_UnYYz. The HS concentration is added in place of the XX, Un stands for an 
"unmodified silica nanoparticle" and YY refers to the filler concentration. The final character z is 
an i or a b referring to whether the filler was added in situ or as a blend, respectively. 
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 2) Amine modified silica nanoparticles were prepared, in the laboratory of  
Dr. Christopher Y. Li, using the hydrolysis/condensation reaction of the alkoxy silane ligand,  
γ-aminopropyl triethoxysilane, and the silanol functional group on the surface of the silica 
nanoparticles. Amine functionality was used to alter the kinetics and chemical strength between 
the silica nanoparticles and NCO. As was discussed in Chapter 1, a primary amine and an NCO 
will react to form a urea linkage. The nomenclature, for these samples, has the format 
PUt25_AnYYz. An refers to the amine modified silica nanoparticles, YY the filler concentration 
(wt %) and z will be either an i or a b referring to whether the filler was added in situ or as a 
blend, respectively. 
 3) Methyl modified silica nanoparticles were prepared, in the laboratory of  
Dr. Christopher Y. Li, using the hydrolysis/condensation reaction of the alkoxy silane ligand,  
n-propyl triethoxysilane, and the silanol functional group on the surface of the silica 
nanoparticles. Methyl modified silica nanoparticles were only blended into pristine PTMG-based 
SPU samples. Methyl functional groups were desired to remove any attraction between silica 
nanoparticles and SPU matrix due to polar species. PUt25_CnYYb defines the series of PTMG-
based SPUs with Cn referring to the methyl modified silica nanoparticles, YY the filler 
concentration (wt %) and b referring to the fact that the samples are blended. 
 4) The effect of micrometer-sized silica fillers on the morphology and mechanical 
properties of an SPU matrix was studied. Micrometer silica particles composed of amorphous and 
crystalline silica with sizes ranging from 100 nm to 1 μm were added in situ, during the synthesis 
of a PTMG-based SPU. Blended samples were also made. The reduced surface area to volume 
ratio of larger filler size was explored. The sample nomenclature for these fillers have the format 
PUt25_mXXz where m refers to the micrometer-sized nature of the silica particles, XX describes 
the filler concentration (wt%) and z will be either an i or a b referring to whether the filler was 
added in situ or as a blend, respectively. 
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 5) In order to examine the effect of molecular scale silica fillers octa-functional and di-
functional POSS was added in situ to a PTMG-based SPU. POSS molecules are the smallest 
possible silica cage (<1 nm size), containing organic functional groups at the corners. 2 types of 
POSS molecules were chosen based on their potential influence on chain composition. The di-
functional POSS has 2 hydroxyl groups together at one corner of the POSS cage and is expected 
to be added as a pendent side group within the HS. The octa-functional POSS has one hydroxyl 
group at each corner of the POSS cage and is expected to be added as a cross-linking agent. The 
sample nomenclature has the format PUt25_zXX where z is either di or octa referring to the 
POSS functionality and XX describes the filler concentration (wt%). All POSS samples were 
added in situ. 
  
Figure 2.2: Representation of the systems evaluated for the nanoparticle composite study. PUt25 structure 
and properties studied for blended and in situ addition of various filler types. PUt35 and PU45 structure and 
properties evaluated for in situ addition of unmodified particles 
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 Synthesis of SPUs, thermal analysis techniques and mechanical analysis were performed 
in the laboratory of Dr. Christopher Y. Li at Drexel University. Gel permeation chromatography 
(GPC) was performed in the laboratory of Dr. Yossef Elabd with the aid of Dr. Yuesheng Ye. 
Wide-angle X-ray diffraction (WAXD), FTIR, scanning electron microscopy (SEM) and TEM 
were performed at Drexel University's Central Research Facility. Liquid nuclear magnetic 
resonance spectroscopy (1H NMR) was performed at Drexel University in the Department of 
Chemistry. SAXS was performed at the United States Army Research Laboratory with the aid of 
Drs. Frederick L. Beyer and Christopher S. Gold. Ultra-small-angle X-ray scattering (USAXS) 
was collected at beamline 15ID-D, of the ChemMatCARS at the Advanced Photon Source, 







Table 2.1: Summary of sample nomenclature containing different compositions  
   HS Concentration (wt%) 
Sample Nomenclature PEG-based PTMG-based 25 35 45 50 60 70 
PUe_XX X     X X X 
PUt_XX X  X X X    
PUtXX_UnYYz  X X X X    
PUt_AnYYz  X X      
PUt_CnYYb  X X      
PUt_mXXz  X X      





















Table 2.2: Summary of sample nomenclature for different synthesis conditions  
   Filler Concentration (wt%) 
Sample Nomenclature In Situ Blend 0.01 0.05 0.1 0.5 1 5 20 70 
PUtXX_UnYYz X X   X X X X X X 
PUt_AnYYz X  X X X X X X   
PUt_CnYYb  X   X X X    
PUt_mXXz X X   X X X X   










Table 2.3: Summary of sample nomenclature containing different types of filler 






















PUtXX_UnYYz X      
PUt_AnYYz  X     
PUt_CnYYb   X    
PUt_mXXz    X   
PUt_zXX     X X 
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2.2 Experimental Characterization Techniques 
2.2.1 Molecular Weight Determination 
 The average MW and distribution of MWs are critical factors that govern the properties 
of a polymer sample. The ratio of weight average MW (Mw) and number average MW (Mn) is 
known as the polydispersity index (PDI) and is an indication of deviations from unity of the 
distribution of polymer chain lengths.   
Mn = ∑ MiNii∑ Nii  Equation 2.1 
Mw = ∑ Mi2Nii∑ MiNii  Equation 2.2 
PDI = MwMn  Equation 2.3 
MW is one factor that defines a polymer. When an additional mer (repeat chemical unit) is added 
to a polymer chain no significant change in properties are observed. Addition of one mer to an 
oligomer slightly varies the product’s properties. Small molecules will behave completely 
differently with the addition of a single mer (e.g. ethane to propane). There are many different 
ways to measure MW. Some methods give direct evidence of a polymer's MW, e.g. light 
scattering, others are an indirect means for acquiring MW, e.g. size exclusion chromatography.  
2 common indirect methods are intrinsic viscosity and GPC.23, 32 
2.2.1.1 Intrinsic Viscosity 
 Intrinsic viscosity in one of the many methods used to measure a polymer's MW. This 
indirect method observes the effect of polymer concentration on solution viscosity. Intrinsic 
viscosity is performed by measuring the viscosity of a polymer in a dilute solution over a number 
of concentrations. Extrapolation of the specific viscosity (ηsp) to zero concentration (c) gives the 
intrinsic viscosity ([η]) of the polymer. The specific viscosity is equal to the difference between 
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the viscosity of the measured solution and the viscosity of the pure solvent divided by the 
viscosity of the solvent. 
ηsp = η − η0η0  Equation 2.4 
[η]  = lim
c⟶0
ηspc  Equation 2.5 
The intrinsic viscosity can be related to the MW of a polymer via the Mark-Houwink equation, 
Equation 2.6. M is the MW and K and α are parameters related to the polymer configuration, 
solvent type and experimental temperature. Alpha is an exponent that for a  flexible polymer 
system would between 0.5, a polymer in a theta-solvent, and 0.8, a polymer in a good solvent.23 [η] = KMα Equation 2.6 
Intrinsic viscosity measurements were taken for PEG-based SPUs using an Ubbelohlde 
viscometer. The time required for a discrete amount of dilute concentration to travel through a 
volume was measured with DMAc as the solvent and at temperature of 70 °C ± 0.01 °C. For each 
sample 5 concentrations were measured. A minimum of five tests at each concentration were run 
in order to ensure repeatability. 
2.2.1.2 Gel Permeation Chromatography 
 GPC is a size-exclusion chromatography method based on high-pressure liquid 
chromatography. Molecules in a dilute solution are probed for their relative MW by separating 
molecules of different sizes. The molecules in solution are forced through a column of glass 
beads or styrene gel with various pore sizes. As molecules get larger they are less prone to 
entering these pores and so pass through the columns more quickly than the smaller molecules. 
The eluent is measured by either an ultraviolet or refractive index detector to determine when 
there is material other then the solvent present. Time versus concentration is then outputted. The 
tendency of a molecule to express a particular size is dependent on its relationship to the solvent. 
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In fact, it is the hydrodynamic radius of a molecule in the dilute state that is measured by GPC. In 
order to calibrate the relationship between time and MW a polymer standard must be first run. 
Polystyrene standards are the most common. It is important to report the standard and solvent 
used as well as the temperature in which the column is heated as all these things will affect the 
hydrodynamic radius of the polymer being explored. This technique, like the intrinsic viscosity 
method, will not be able to give an absolute MW.23 SPU samples were dissolved in DMF at a 
concentration of ~0.1 wt%. The polymer solution was then heated to 80 °C and filtered through a 
0.5 μm PTFE filter from Millapore. The solution was added to a Waters GPC using DMF and the 
polymer was detected using a refractive index detector. A PEG/PEO standard was used.  
2.2.2 Spectroscopy 
 Spectroscopy is a powerful tool that is able to probe the nature of molecules on an atomic 
level. Spectroscopy refers to any technique in which electro-magnetic radiation interacts with 
matter. When light, which was shown to be capable of being treated as both a particle and a wave 
via the de Broglie relationships, interacts with matter there is the potential for 3 phenomena to 
occur. The incident light is absorbed, scattered or transmitted by the sample. It is the change in 
wavelength or frequency of this light that is detected by a spectrometer. For the characterization 
techniques that follow we will focus on the special case of absorbed light. The wavelength of the 
incident light is the basis for which length scales may be probed. NMR uses radio-waves to excite 
atomic nuclei, while FTIR uses infrared radiation to excite molecular bonds that have an intrinsic 
dipole moment. Use of spectroscopy techniques is essential in polymer science in indicating if the 
polymer has the structure that one expects and detecting the potential effects at the sub-nanometer 
length scale.     
2.2.2.1 Nuclear Magnetic Resonance Spectroscopy 
 NMR spectroscopy is a powerful and non-destructive tool for the evaluation of polymer 
composition, chain conformations and dynamics. Experiments may be performed with samples in 
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either solid state or in solution. In the presence of a strong magnetic field, certain nuclei such as 
1H, 13C, 29Si, etc. adopt a parallel or anti-parallel orientation with respect to the field. The 
orientation can be flipped by applying electromagnetic radio frequency (RF) in pulses 
perpendicular to the magnetic field, and the amount of energy absorbed during flipping is 
indicative of the chemical environment around the nucleus. Depending upon the frequency of the 
RF pulse, different nuclei can be detected. Once the RF pulse is withdrawn, the nuclei return to 
their initial equilibrium state which is detected by an induced voltage in a coil surrounding the 
sample. The induced current decays to zero generating free induction decay. In a typical  
1H NMR spectrum, the peak position is characteristic of the environment surrounding the proton 
and the area under the peak is proportional to the number of nuclei. Frequencies are reported 
relative to the frequency of a standard tetramethylsilane (TMS) whose proton peak is assigned to 
0 parts per million (ppm). The NMR spectrometer consists of a superconducting magnet, an RF 
generator, detector and an analyzer. The superconducting magnet possesses high field strengths of 
up to 18T. In solution NMR, the sample is dissolved in an appropriate solvent and placed in the 
magnetic field and is subjected to spin so as to ensure homogenous field.74, 75 In the present work 
the polymer compositions were determined by NMR spectroscopy using a 300 MHz 1H NMR 
Unity Inova spectrometer. A typical NMR sample is prepared by dissolving the polymer in 
deuterated dimethyl sulfoxide (d6DMSO) (~20 mg/mL) with TMS as an internal standard. Protons 
are sensitive to their local environment which gives rise to the NMR spectra. The relaxation of 
the molecules atomic spin, T1, is critical in detecting all peaks because the atomic spins promoted 
to a higher energy level need sufficient time to relax if they are to be within the spectra. The pulse 
sequence was changed so that d1 was 3 s for PTMG-based SPUs. The d1 was set to 0.3 s for the 
PEG-based PU an effect observed by the spectra peaks being slightly out of phase.  
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2.2.2.2 Fourier Transform Infrared Spectroscopy 
 FTIR uses light in the mid-infrared range in order to elucidate the bonds present within a 
sample's structure. Wavenumbers of 400 cm-1 to 4000 cm-1 are produced via a halogen lamp 
which is then sent to a moveable mirror such that an incident and transmitted beam are juxtaposed 
in the spectrometer. The frequency signal is deconstructed into peaks by performing a Fourier 
transform which can be used to provide information about the bond strength of polar groups. A 
wavenumber is proportional to the wavelength by Equation 2.7. 
Wavenumber =  1
λ
 Equation 2.7 
The wavenumber is related to bond strength by assuming that the bonds between atoms are like 
springs in which the energy required to create molecular vibrations is related to the "bond 
strength" in the same way a spring's ease of vibration is related to the intrinsic spring constant. 
FTIR, in theory, would only produce a single peak for each polar group due to the quantum 
energy levels of molecular bond. However, the actual peaks present are broad which is due to 
variations in local environment near the bond being evaluated. This is due to dipole interactions. 
Samples were cast onto potassium bromide (KBr) plates that were made in a die press. Salts, like 
KBr and calcium fluoride are transparent to IR.74, 75 A Varian Excalibur FTS-30000 was used at a 
resolution of 4 cm-1. PEG-based SPU samples ran for 128 scans while PTMG-based SPU samples 
ran for 64 scans. 1.0 wt% SPU solids concentration in DMAc was cast onto the KBr plates. PEG-
based samples were thin and used only a few drops from a glass pipette. PTMG-based SPU 
samples used 400 μL of solution and were dropped with a micropipette. PTMG-based SPU 
samples were melted under vacuum at 200 °C then quenched under ambient conditions. A 
subsequent annealing process for the PTMG-based SPU samples was performed under vacuum 
by heating from room temperature to 110 °C and holding for 2 days. Samples were then quenched 
again under ambient conditions.  
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2.2.3 Thermal Analysis 
 Thermal analysis refers to a multitude of experimental techniques in which a sample's 
properties are measured as a function of time and temperature. Thermal analysis in polymeric 
materials can be of particular importance due to the multitude of transitions that can occur within 
a polymer under common use conditions.  
2.2.3.1 Differential Scanning Calorimetry 
 Differential scanning calorimetry (DSC) consists of 2 furnaces in which a sample pan and 
an empty pan are placed. Both the pans are connected to a controlled heating element and a 
thermocouple. The DSC measures the difference in heat flow between the sample pan and the 
empty pan while maintaining both the pans at the same temperature. The excess energy absorbed 
or released by the sample during a thermal transition is shown as a step or a peak when the 
differential heat flow is plotted as a function of temperature. In the present work, melting and 
crystallization of the SPU soft and hard segments are measured using DSC. The crystallinity (χc) 
of each block can be determined by Equation 2.8.76  
χc = ∆Hf,observed∆Hf,crystal ∗ 100 Equation 2.8 
A typical sample size for DSC is ~5 mg. The sample is encapsulated in an aluminum pan before 
performing the experiment. A Perkin Elmer DSC7 was calibrated by performing a scan on an 
indium (In) standard using the same heating/cooling conditions as subsequent experiments. In has 
a melting peak at 156.6 °C and the corresponding heat of fusion is 28.45 J/g. The sample data is 
calibrated for temperature and heat flow using the data for In standard. All samples were run 
under a nitrogen atmosphere.   
2.2.3.2 Thermo-gravimetric analysis 
 Thermo-gravimetric analysis (TGA) measures the change in sample weight as a function 
of temperature. It is often used to study the degradation of a material.76  A typical sample for 
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TGA is ~10 mg, placed in a platinum sample pan that has been burnt in atmosphere to remove 
previous residue. The sample is heated, in air or an inert gas like nitrogen, to a predetermined 
temperature at a constant heating rate and its weight is monitored. The TGA furnace temperature 
accuracy was calibrated using the curie temperature behavior of standard materials like alumel, 
zinc and perkalloy. The microbalance was calibrated using a standard 100 mg weight. A Perkin 
Elmer TGA7 was used. PEG-based SPU were measured under a nitrogen atmosphere with a 
heating rate of 10 °C/min in order to study the degradation behavior of a SPU system without 
oxidation of the sample. PTMG-based SPU were studied under an air atmosphere at a heating rate 
of 20 °C/min in order to study the degradation of SPU and composites under use conditions. 
Oxidation in air minimized organic residue allowing for final weight percent of the sample to be 
equal to the approximate weight of the inorganic filler phase. 
2.2.3.3 Dynamic Mechanical Analysis 
 Dynamic mechanical analysis (DMA) is a highly sensitive and versatile technique in the 
measurement of polymer viscoelastic mechanical properties. The viscoelastic properties may be 
studied over a set temperature or frequency range. In a DMA experiment one applies a forced 
sinusoidal stress on the sample. A resulting displacement (strain) is measured. A viscoelastic 
material possesses the mechanical properties of both an ideal elastic solid and a purely viscous 
fluid. For a perfectly elastic solid, the resulting strain and the stress will be perfectly in phase, i.e. 
a phase angle of 0 °. For a purely viscous fluid, there will be a 90 ° phase lag of strain with 
respect to stress. Viscoelastic polymers display a mechanical phase lag in between these 2 states 
which may be observed during DMA tests. DMA was used to study the thermo-mechanical 
transitions over a set temperature range for a select few samples.76 Films were made for DMA by 
solution casting on to Teflon plates. 20 wt% sample was added to a 50/50 (v/v) solution of DMAc 
and THF. Solutions were heated to ~70 °C, a temperature in which THF normally boils but was 
suppressed by being enclosed in containers with a screw top. The dissolved SPU solutions were 
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removed and allowed to cool for ~1 min with the cap removed. The solutions were then poured 
onto Teflon plates and allowed to dry under ambient conditions over night. Samples were then 
placed in a vacuum oven at room temperature for 12 to 24 hours. Samples were cut from the films 
with dimensions 10 mm x 3 mm x 0.4 mm (length x width x thickness) and placed in a film 
tensile geometry. Samples were tested from -150 °C to 150 °C, with a frequency of 1Hz, a 
dynamic stress of 120 % and a strain of 0.1. Storage modulus, loss modulus and tan δ was 
recorded and analyzed. A Perkin Elmer DMA7e was used.  
2.2.4 Mechanical Tensile Testing 
 A Kato KES G1 mechanical tensile tester was used to observe the stress-strain behavior 
of PTMG-based SPU composites. Stress-strain curves were acquired using the KES G1 with the 
C load cell in place and sensitivity set to 5. The 10x multiplier for sensitivity was turned on. 
Calibration of the tensile tester accurately showed for a 1 kg mass an output of 2 V. The Kato 
KES G1 outputs data in voltage. Conversion from voltage to engineering stress is achieved via 
Equation 2.9 and Equation 2.10.77 
F = ma = �Voutput2 � � 1kg� ∙  9.8  �ms2� Equation 2.9 
 
σ = FA Equation 2.10 
 Films were punched using an ASTM D638 Type V dog bone die. The films have a gauge length 
of 7.62 mm, and width of 3.18 mm. Thickness of films varied but generally was between 0.4 mm 
and 0.5 mm. A constant crosshead speed of 50 mm/min was used. Sample strain was calculated 
using Equation 2.11 for engineering strain.77 
ε = lf − lolo  Equation 2.11 
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Films were produced using the procedure discussed for DMA film formation. A minimum of  
3 samples were tested to assure repeatability. 
2.2.5 Microscopy 
 Microscopy uses primarily either photons or electrons, although refers to any technique 
which gives a corresponding image in real space (e.g. atomic force microscopy) in order to 
observe the real space morphology on different length scales. 
2.2.5.1 Optical microscopy 
 An Olympus BX51 optical microscope with Insight digital camera attached was used to 
study the morphological superstructures observable in the optical range of light (e.g. spherulites). 
The optical microscope was used in phase contrast and polarized light modes. For polarized light 
microscopy (PLM) incident light from a mercury light source passes through a polarizing plate 
resulting in a plane polarized light. When the plane polarized light passes through an optically  Birefringence (∆n) = n1 − n2 Equation 2.12 
anisotropic material, the sample reorients the polarization plane of the light giving rise to 2 waves 
that vibrate along the 2 principle directions of the sample and travel at different speeds due to an 
extraordinary (n1) and ordinary (n2) index of refraction within the material. These light waves 
recombine once they emerge from the sample and depending upon the refractive index difference, 
the resultant light wave undergoes optical retardation. An analyzer is placed in the optical path 
with its optical axis perpendicular to the direction of optical path of the polarizer. The analyzer 
allows only those waves from the sample that vibrate in its plane to reach the eye piece.  
 Phase contrast microscopy was used by inserting a phase ring and a matching annular 
ring. Slight variations in phase are transferred into larger variations in amplitude of the light that 
interacts with the sample. This amplitude change may be picked up visually.78, 79 
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 In the present work, 10 mg of sample were melted and encapsulated between 2 glass 
slides. The samples were melted at 200 °C for ~1 min and then placed onto the table top with a  
50 g mass. The 50 g mass was removed after the samples had cooled.  
2.2.5.2 Scanning Electron Microscopy 
 Scanning electron microscopy (SEM) uses electrons, instead of photons, to evaluate the 
surface morphology and composition of polymers on a nanometer and micrometer length scale. 
The area to be examined is scanned by a finely focused electron beam which is swept across the 
samples surface. A detector collects signal from backscattered and secondary electrons and are 
amplified. A computer is used to stitch together the signal from each line during the electron 
beam rastering. Electrons are produced by many fashions but the most seen are a tungsten 
filament or lanthanum hexaboride (LaB6) crystal, or a field emission gun.  Accelerating voltages 
of 10 kV and ~0.5 kV were used. Low-voltage acceleration does not penetrate as deeply into 
samples confining the beam interaction to very close to the surface which gives enhanced detail.80  
 A Zeiss Supra 50VP was used to collect SEM images of the SPU samples. PEG-based 
SPU was dissolved in DMAc at 1.0 wt% solids concentration and heated to ~80 °C. The solutions 
were drop cast onto a carbon coated glass cover slide. Solvent was allowed to evaporate slowly 
under ambient conditions. PTMG-based SPU samples were cut from films made for mechanical 
tests, see section on DMA film formation. Polymeric materials generally have poor electrical 
conductivity and it was necessary to coat the samples with platinum in a Denton vacuum Desk II 
sputtering machine.  
2.2.5.3 Transmission Electron Microscopy  
 TEM uses electrons, instead of photons, to evaluate the microstructure and composition 
of matter. Due to their nearly non-existent mass, electrons behave in accordance with the 
deBroglie relationships in much the same way photons do. By controlling the electron energy, a 
process done by altering the accelerating voltage of an electron source, it is possible to control the 
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wavelength of the electrons. The TEM column requires high vacuum, 10-4 mbar to 10-13 mbar, in 
order to eliminate nearly all atoms typically in the atmosphere that may interact and scatter the 
electrons. Electrons may be produced by a tungsten or LaB6 source. These electron filaments, 
known as thermionic emitters, produce electrons from a sharp tip after the addition of heat. Field 
emitter guns use an electric field and a tungsten filament to generate electrons. A series of 
electromagnetic lenses focus the electrons to various crossover points within the TEM column in 
order to focus the electron beam and produce a final image. The focused incident beam interacts 
with the sample producing an image. In order for the incident beam to transmit through the 
sample polymer samples are required to have a thickness of ~100 nm or less. The final image is 
projected onto a fluorescent screen that emits visible light when the electron beam strikes the 
surface. Photographic plates, historically, were used in capturing the image. Most modern TEMs 
use a CCD camera which are capable of producing a real time image of the sample before 
capturing a high resolution image.81  
 In the present work, a JEOL JEM2100 TEM was used with a LaB6 crystal electron 
emission source. An accelerating voltage of 200 kV was used for PEG-based SPU samples and 
120 kV for PTMG-based SPU samples. CCD images were acquired using a GATAN camera.  
 Many techniques were used in the processing of SPU TEM samples. PEG-based TEM 
samples were prepared via solution-casting. SPU was dissolved at a concentration of 0.1 wt% in 
DMAc. The solution was heated to ~80 °C and a drop was placed on a carbon coated nickel grid 
held between anti-capillary tweezers. Excess solution was whicked away by placing filter paper 
just below the grid. This process was repeated 3 times. Specimens were shadowed at an angle 
using platinum-palladium wire in a Polaron E6300 high vacuum evaporator. 
 PTMG-based SPU composites were cast on Teflon plates from a solution containing  
20 wt% solids from a 50 : 50 (v/v) co-solvent of DMAc and THF. Solvent from the films were 
evaporated at ambient conditions overnight. Films were then placed under vacuum overnight. 
Thin thickness samples were sectioned at various cryo-temperatures between -150 °C and -100 
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°C depending on the Tg of the SPU sample. It was attempted to cut specimens to a thicknesses of 
<70 nm on a Leica UC6 cryo-ultramicrotome using a Diatome diamond knife. Samples were 
collected from the knife on a carbon coated nickel grid. No staining was used. 
2.2.6 X-ray Analysis 
 The early works on X-ray diffraction by von Laue and the Bragg showed that X-rays are 
capable of probing the ångström-sized crystal structures of a material. The diffraction of X-rays 
by the crystalline structures creates a characteristic pattern of spots, arcs or rings. The various 
intensities and positions of diffraction patterns are capable of providing not only crystallographic 
information but an indication of a material's chemical composition as well. Bragg's law  
(Equation 2.13) identifies the relationship between the diffracted angle and the real space distance 
between coherent scatters.  nλ = 2dsinθ Equation 2.13 
 WAXD analysis probe angles of 2θ ≥ 5  ° which is equivalent to length scales ~1 nm and 
less. SAXS probes morphologies with length scales 1 - 100 nm in size. While X-rays scattering is 
generally considered to be a non-destructive tool for material analysis, the weak inter-chain bonds 
and low melting temperatures of polymer crystals makes prolonged X-ray exposure destructive 
for polymeric materials.   
2.2.6.1 Wide-Angle X-ray Diffraction 
 WAXD is a technique used for determining 3-D crystalline structure of materials. In-
depth analysis of 1D crystallographic patterns can be used to determine the types of unit cell 
present within a system, the size of small grains, as well as the atoms present that make up the 
basis of a crystal lattice. In polymers, which do not crystallize completely, the χc can be 
determined by calculating the ratio of the area of the crystalline peaks after amorphous baseline 
subtraction and the total area of amorphous and crystalline peaks (Equation 2.14).23, 78  
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χc = ∫ (Ic(θ)dθ)∞0
∫ (Ic(θ) + Ia(θ))dθ∞0  Equation 2.14 
A SiemensD500 diffractometer was used in the study at 20 kV and 40 mA. PEG-based SPU 
samples were scanned from 10 ° to  30 ° with a step value of 0.4 ° and a dwell time of 1 s. 
PTMG-based SPU sampled were scanned from 5 ° to 40 ° with a step value of 0.14 ° and a dwell 
time of 1 s. Sample were melted on top of glass slides at ~200 °C. The sample areas were at least 
2 cm2 to 3 cm2. All samples had a sufficient thickness in order to ignore contribution of the 
amorphous glass substrate. PTMG-based SPU samples were annealed at ~110 °C under vacuum 
for 2 days. 
2.2.6.2 Small-angle X-ray Scattering 
 SAXS is a technique used in the exploration of structures with length scales on the order 
of 1 nm to 100 nm in size. The scattering vector, q, is used instead of the Bragg scattering angle, 
θ, when discussing scattering experiments. The scattering vector takes into account the type of 
radiation and its wavelength, Eq. 2.15, and therefore makes data from scattering experiments 
using either X-rays, neutrons, electrons, visible light, etc. comparable. By substituting  
Equation 2.15 into the Bragg diffraction equation (Equation 2.13) a relationship between real 
space and the scattering vector is achieved, Equation 2.16.  
q = 4πsinθ
λ
 Equation 2.15 
d = 2πq  Equation 2.16 
SAXS is able to provide information regarding the morphology of a sample through a much 
greater volume than TEM which is limited to ~100 nm thick samples. X-ray scattering is 
therefore capable of providing a global ensemble average of morphological structures that might 
not be seen from the TEM.82  
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 PEG-based and PTMG-based SPU samples were melted onto glass slides at 200 °C. A 
fresh razor blade was used to remove samples from the glass substrate. PEG-based samples were 
either tested as quenched from melt to room temperature or annealed at 60 °C above the SS Tm 
for 3 days after melting at 200 °C under nitrogen and then quenched to room temperature. 
PTMG-based samples were heated from room temperature to 110 °C and annealed for 2 days 
under vacuum and then quenched to room temperature. Samples were collected with a 
customized 3 m pinhole collimated SAXS camera. A Rigaku Ultrax18 rotating anode with a 
copper target was operated at 40 kV/60 mA to generate X-rays with λ = 1.5418 Å. at the Army 
Research Laboratories with the aid of Dr. Frederick L. Beyer and Dr. Christopher S. Gold.  
 Synchrotron X-ray sources use the highly intense X-rays produced when electrons, 
travelling at very fast speeds, are deflected. Particle accelerators are an abundant source of man-
made synchrotron radiation but require immense structures. Only a small number of synchrotron 
radiation sources exist across the world. Large detector distances allow for the detection of 
signals at very low q values, deemed ultra-small-angle X-ray scattering which is capable of 
probing morphologies at length scales of many hundreds of nanometers. USAXS experiments 
were performed by Dr. Fredrick L. Beyer on the Bonse-Hart double-crystal beamline 15ID-D, of 
the ChemMatCARS at the Advanced Photon Source, Argonne National Laboratory. For each 
sample, slit-smeared one-dimensional data were collected over a scattering angular range of  
104–0.3 Å-1, an incident photon energy of 16.85 keV (k ¼ 0.736 Å), and slit length of  
0.042851 Å-1. The raw data were corrected for background scatter and sample absorption. 
Desmearing was not performed on these data due to the difficulties encountered when desmearing 
well-defined features.83 The samples were the same PTMG-based SPU samples used for 








 In Chapter 1 we established that SPUs are one of the most ubiquitous polymers. SPUs 
have a myriad number of structural, biomedical, textile, adhesive and other commercial uses. The 
multi-block copolymer architecture of SPU chains results in microphase separation. The 
microphase separation does not extend to the macrophase due to the tethering of each block by an 
incompatible complimentary block. The degree of microphase separation creates a great number 
of interfaces between the HS and SS domains which are 2 nm to 5 nm and ~10 nm in size, 
respectively. These interfaces play an important role in SPUs mechanical properties; in particular 
their ability to dissipate impact energies due to moduli differences between the domains. The 
number, type (i.e. glassy-amorphous, crystalline-glassy, crystalline-crystalline, etc.) and 
sharpness of these interfaces may be controlled by varying the polymer system's thermodynamic 
properties. The Flory-Huggins interaction parameter (χ), defined by Equation 3.1, is influenced 
by the chemical compositions of the 2 phases. 
χ12 = Vseg(δ1 − δ2)2RT  Equation 3.1 
 The Flory-Huggins interaction parameter is proportional to the square of the difference 
between the Hildebrand solubility parameters (δ) of the 2 phases. R is the gas constant, Vseg is the 
volume of the segment and T is the absolute temperature. The closer δ of each phase is to the 
other the closer χ is to zero and the more the phases are miscible with one another. This 
phenomenon gives rise to the saying in chemistry that "like dissolves like". Table 3.1 lists the δ of 
the HS and SSs used throughout this work. The Hildebrand solubility parameter of a phase may 
differ depending on the conditions in which they were measured. By comparing the difference 
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between the δ of the 2 phases it is possible estimate the extent the 2 phases are miscible with each 
other. 
Table 3.1: Solubility parameter δ and density of common SPU components. Here a stands for amorphous 
and c for crystalline 
Material Solubility Parameter (MPa-1/2) Density (g/cm3) 
Poly(ethylene glycol) 18.984 1.12a, 1.21c85 
Poly(tetramethylene glycol) 17.486 1.00a 
HDI-BDO 21.486 1.10a, 1.26c 87 
 
In an effort to tailor the interfaces within an SPU, focus was paid toward the design of a system 
that contained 2 semi-crystalline segments. One segment was composed of PEG; a linear 
hygroscopic polyether chain with hydroxyl end functionality. As MW increases there is an 
increase in the driving force towards crystal formation at room temperature. This is due to 
increased supercooling and greater chain flexibility as a result of more entropy. 3 different MW 
PEGs, 2000 g/mol; 4600 g/mol and 8000 g/mol, were chosen for the SPU SS. Changing the MW 
of the SS makes it possible to observe the extent that the HS crystallization hinders the SS's 
ability to crystallize. Typically, homopolymers of PEG have the potential to crystallize to ~70 % 
to 90 %. 
 Extensive research has been performed on the structure-property relationship of SPUs 
containing aromatic diisocyanates, such as MDI and TDI, due to their commercial availability 
and low toxicity.1, 19 It has been shown that the higher drive for phase separation due to the ring 
structure of the aromatic diisocyanates is offset by a reduced mobility. Mobility of the segment is 
reduced due to the rigid ring structure. The result of this low mobility has been seen in low HS 
crystallinity and slow phase separation kinetics. The crystal structure, morphologies and 
mechanical properties have been well studied for MDI and BDO. MDI-BDO HSs form extended 
chain like crystals and do not fold due to the hindered motion of the aromatic rings. This  
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MDI-BDO crystal structure therefore resemble the crystal properties of rigid rods. Wilkes et al. 
has shown using AFM that the lamellar structure of spherulite needles are composed of MDI-
BDO, and are stacked tangentially to the needle direction and are ~10 nm in size. Although the 
chemical composition of HDI-BDO is more similar to the SS thus reducing the thermodynamic 
drive for phase separation, the actual mobility of the chain is higher leading towards phase 
separation at a much quicker pace. The increased mobility is due to the inherent flexibility of the 
HDI-BDO chains. This flexibility also creates the more common chain folded crystal structure 
that is meta-stable and favorable under ambient conditions for flexible chains. The additional 
complexity added by HDI-BDO crystal structure has made it a significantly less studied HS 
structure despite it being the progenitor of urethane rich segments.    
 The structural aspect of SPU has been taken advantage of significantly in commercial 
value and therefore it has been shown that mechanical properties can be tailored to range from 
elastic to plastic by varying the HS content.88, 89 Many of the reported research has focused on 
SPU compositions containing <50 wt% HS, as many end applications include sealants, adhesives 
and elastomers, which require materials that are relatively soft but possessing high extension 
ability. SPUs containing higher than 50 wt% aromatic HSs have been reported.90-92  
 SPUs are made of HSs and SSs that are each crystallizable, producing a unique 
crystalline-crystalline multi-block copolymer where crystallization of each segment provides 
nanoscale confinement of the other. Confined crystallization has become an interesting research 
topic in recent years with interesting confinement effects having been observed in polymer 
nanocomposites.93-96 
 The following chapter investigates the morphologies and properties of an SPU with HS 
and SS that have the potential for forming a semi-crystalline state at room temperature. Attention 
is focused on the confined crystallization behavior of the SS segment with increasing HS content. 
PEG was selected not only for the previously mentioned mechanical properties but also because it 
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has a low transition temperature around room temperature when added into a SPU. A variety of 
MW PEGs were chosen, because they provide a wide temperature window to conduct confined 
crystallization studies. An SPU system consisting of HDI and BDO has been synthesized with 
PEG macrodiol. Higher HS percent crystallinity has been observed in SPUs with linear, aliphatic 
HS compared to those made of aromatic diisocyanates.21, 97, 98 By using >50 wt% HS we were 
able to study the confining of the SS by a matrix of HS, in opposition to the traditional SPU 
model in which HS are dispersed within the SS. It is the focus of this chapter to report the 
morphological changes that take place when selectively controlling the crystallization of either 
the HS or SS, by tailoring the SPU composition.   
3.2 Prepolymer Synthesis Method of Poly(ethylene glycol)-based Segmented Polyurethanes 
 PEG with MW of 2000 g/mol, 4600 g/mol or 8000 g/mol were degassed at 80 °C for a 
minimum of 3 h. Longer degassing times, up to ~12 h, yielded better results. The highly 
hygroscopic nature of PEG makes it strongly bound to atmospheric water thus requiring longer 
degassing times. HDI and BDO were vacuum distilled prior to use. DMAc was dried under  
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 Figure 3.1 shows the 2-step, prepolymer, step-growth synthesis scheme used in the 
production of PEG-based SPU. All SPU samples were synthesized using the 2 step polyaddition 
polymerization process using DBTL as a catalyst to facilitate the reaction of the aliphatic 
diisocyanates.19, 30, 99 The SPU prepolymer was synthesized as follows. Typically PEG (15.978 g, 
8.0 mmol), DBTL (9.587 mg, 15.1 μmol) and DMAc (85 mL) were added in a 500 mL three neck 
flask with a vacuum adapter, condenser, addition funnel and containing a magnetic stir bar. The 
reaction vessel was kept under a positive pressure of dried nitrogen to prevent the presence of 
water from entering the reactor. A large excess of HDI (10.872g, 64.7 mmol) in DMAc (~5mL) 
was added drop-wise into the reaction vessel over ~30 min. Reaction was carried out at 80 °C for 
3 h.  
 High MW SPU was achieved by adding a chain extender, BDO, in the second step of 
SPU synthesis. A typical chain extension step proceeds as follows. The reaction temperature was 
increased gradually from 80 °C to 100 °C. BDO (5.105 g, 56.7 mmol) and DMAc (5mL) were 
added concurrently to the prepolymer SPU and HDI mixture at 100 °C drop-wise over ~30 min. 
BDO concentrations were based on the balancing of the NCO : OH content to an equal 1 : 1 
molar ratio in order to produce linear SPU chains seen through Equation 3.2. The reaction vessel 
was kept under a positive pressure of dried nitrogen. Polymerization to high MWs was carried out 
overnight, ~12 h. The polymer solution was collected and precipitated into diethyl ether. The 
product was filtered and rinsed with a 50 : 50 (v/v) mixture of ethanol and methanol. The 
precipitate was dried under vacuum at ~50 °C for one week.  
%HScalculated = (MolesHDI ∗ MWHDI) + ((MolesHDI − 1) ∗ MWBDO)(MolesHDI ∗ MWHDI) + �(MolesHDI − 1) ∗ MWBDO� + (MWPEG) Equation 3.2 
 












































Figure 3.1: Scheme of prepolymer method for PEG-based SPU synthesis 
3.3 Characterization Techniques 
 Well ordered morphological features were desired in order to study the HS superstructure 
confining effect on SS crystallization. Many experimental processing conditions differed from the 
SPU preparation detailed in Chapter 2. If no variation exists then sample preparation and 
characterization conditions are the same as described previously. DSC thermal transitions were 
measured after an initial heating to 200 °C was carried out and held isothermally for 1 min to 
erase all thermal history of the samples. Subsequent cooling and heating was carried out from  
-20 °C to 200 °C at 5 °C/min. TGA was performed under nitrogen at a heating rate of 10 °C/min. 
WAXD was performed using a Siemans D500 diffractometer with CuKα source and wavelength 
of 1.54 Å with 0.014 °/step held for 1.0 s. SAXS of PUe85 and PUe86 were melt cast on glass 
slides at 200 °C and quenched to ambient temperatures. Films had a thickness of ~0.3 mm to  
0.5 mm and were cut to ~5 mm2. Annealing of half of the PUe850 and PUe860 films was 
performed at 60 °C for 3 days. Thermo-mechanical transitions were obtained using a PerkinElmer 
DMA-7 under nitrogen. Scans were obtained over a temperature range of -150 °C to 200 °C at  
3 °C/min with an initial strain of 0.1 % and an oscillating frequency of 1 Hz. The morphology of 
the SPU was studied using TEM. Images were taken via CCD camera attached to a JEOL 
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JEM2100 with an accelerating voltage of 200 kV. Samples were prepared via solution casting of 
0.1 wt% SPU in DMAc on carbon coated nickel grids, heated to 200 °C then quenched to 167 °C, 
near the onset of Tm for the HSs, and allowed to anneal under nitrogen for 48 h to induce HS 
controlled morphologies. All the samples were shadowed using Pt/Pd before TEM observation, 
similar to previous reports.100-103  
3.4 Molecular Composition of Poly(ethylene glycol)-based Segmented Polyurethanes 
Possessing High Hard Segment Content 
 8 SPU systems were synthesized using PEG, HDI and BDO of various MWs and 
concentrations. Sample nomenclature was discussed in Chapter 2 and is in the form PUeXYY for 
the PEG-based SPUs. Samples had HS contents ranging from 50 wt% to 70 wt%. At these 
concentrations HS most likely is in a near or total percolated state surrounding the smaller 
domains of PEG. In order to assure significant confinement of the SS crystallization, it was 
necessary to meet 3 conditions: a greater volume fraction of HS to SS, a relatively high 
crystalline HS or a HS with a high Tg and good separation of the HS and SS. HSs of HDI-BDO, a 
relatively high crystalline HS, were synthesized at concentrations that were >50 wt% in order to 
ensure that the HS existed in ample amounts to form a dominant crystalline phase, producing 
confinement of the SS. The chemical structures of the SPU samples have been identified using  
1H NMR. Figure 3.2 shows the solution 1H NMR spectrum for PUe2XX, PUe4XX and PUe8XX 
series of PEG-based SPUs. The protons associated with a particular peak have been identified 
along the PEG-based SPU backbone in Figure 3.2. The lack of peaks associated with primary 
amines, allophonates and biurets (all of which are expected between 4.0 and 9.0 ppm) suggests 
that the washed PEG-based SPUs produced during the 2-step synthesis are indeed linear.104 
Empirically this was observed with no clear cross-linked regions in the product. An estimate of 
the HS content may be calculated through the ratio of the area under the peaks a and b, in Figure 
3.2. Equation 3.3 indicates how this relationship is acquired.  
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Peaks a and b are associated with the protons near the urethane nitrogen on the HDI chain and the 
protons nearest the ether oxygen on the PEG chain. Since the degree of polymerization of the 
PEG molecules are known via their MW this equation is valid. The values of the ratio which have 
~10 % error, were calculated for all samples, listed in Table 3.2m are in good agreement with the 



























Figure 3.2: 1H NMR spectra of (a) PUe2YY Series (b) PUe4YY and (c) PUe8YY Series. Proton peaks 




























  a 
c 
b 
Chapter 3: Soft Confinement in Double Crystalline Pristine Segmented Polyurethane 58 
Table 3.2: HS concentration and intrinsic viscosity of PEG-based SPUs 
 
 As was discussed in Chapter 2 the parameters K and a from the Mark-Houwink equation 
are dependent on factors including polymer composition, polymer-solvent interactions and 
temperature. Table 3.2 also includes the intrinsic viscosities calculated for the SPU series. As HS 
content increases there is a general decrease in the intrinsic viscosity due to reduced flexibility of 
the chains and lower solubility of the SPU in the DMAc, as a result of a greater degree of 
hydrogen bonding within the HS. MWs of the SS did not apparently affect the intrinsic viscosity. 
There has been no data reported on the parameters K and a for SPUs with the aforementioned 
compositions and experimental conditions, therefore, a direct comparison of intrinsic viscosity to 
MW is difficult. Nevertheless, the listed intrinsic viscosities from Table 3.2 are similar to those 
observed for a number of SPU systems in literature, corresponding to a relatively high MW and 
barring any unexpected significant variation in K and a given the similarity in polymer 
composition and experimental conditions.106 
 FTIR spectra were recorded with a 4 cm-1 resolution for 128 scans. FTIR was used to 
probe the composition of the SPU and determine the relative degree of hydrogen bonding and 
phase separation due to thermodynamics, mobility and crystallization.1, 107 The FTIR spectra in  
Figure 3.3 suggest a composition that is in agreement with the 1H NMR data.  
Sample SS MW (g/mol) [η] (dl/g) %HSfeed %HScalculated
PUe250 2000 0.266 50 45.08
PUe260 2000 0.145 60 65.93
PUe450 4600 0.221 50 45.95
PUe460 4600 0.118 60 65.23
PUe470 4600 0.084 70 75.48
PUe850 8000 0.270 50 46.80
PUe860 8000 0.192 60 59.45
PUe870 8000 0.077 70 76.66
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Figure 3.3: Full transmission spectrum FTIR of PEG-based SPU 
  
 Distinct peaks related to amine, carbonyl, asymmetric and symmetric methylene and PEG 
ether were observed at 3320 cm-1, 2940 cm-1, 2879 cm-1, 1714 cm-1, 1685 cm-1 and 1110 cm-1 
respectively. The lack of an isocyanate peak at 2250 cm-1 and the presence of the amine and 
carbonyl peaks indicate a complete conversion of monomers to urethane. Table 3.3 shows the 
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Table 3.3: FTIR peak assignments for functional groups in an SPU 
 
As seen in Table 3.3 the 2 peaks attributed to methylene at 2940 cm-1 and 2879 cm-1 are due to 
asymmetric CH stretching and symmetric CH stretching, respectively. For all samples with  
50 wt% HS content, the peak at 2940 cm-1 possessed a lower intensity than the peak at 2879 cm-1. 
It was observed that as the HS content was increased a shift in relative peak intensity followed 
such that the peak at 2940 cm-1 becomes stronger than the 2879 cm-1 peak.  
3.5 Degree of Hydrogen Bonding and Phase Separation in Poly(ethylene glycol)-based 
Segmented Polyurethane from Infrared Spectroscopy 
 The degree of hydrogen bonding and the extent of phase separation are critical 
parameters in optimization of SPUs elastomeric properties. As previously discussed, HSs and SSs 
possessing relatively different Hildebrand solubility parameters will phase separate from each 
other due to thermodynamic driving forces that prevent mixing. The phase separated nature of 
SPUs has been indicated as being the primary cause of their tremendous properties. The HSs once 
phase separated act as reinforcing sites for the more elastic SS. Although the HS has been shown 
not to require hydrogen bonding in order to reinforce the SS, it is advantageous to increase the 




2940 ν(CH2), asymmetric stretch
2879 ν(CH2), symmetric stretch
2250 ν(N=C=O)
1714 ν(C=O), free
1700 ν(C=O), hydrogen-bonded weakly organized
1685 ν(C=O), hydrogen-bonded strongly organized
1542 ν(NH), wagging
1110 ν(C-O-C)
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hydrogen bonds.108 This has been also demonstrated as the Tm of chain extenders possessing an 
odd number of carbon (e.g. 1,3-propanediol) is 10 °C to 50 °C less than their even numbered 
carbon counterparts (e.g. 1,4-butandiol). This has been explained due to the incompatible 
staggered structure of the urethane units when HSs stack. Since the distance of adjacent urethane 
bonds are too far to partake in hydrogen bonding these SPUs possess a much lower number of 
hydrogen bonds.33 In a hydrogen bonded urethane the electropositive dipole near the urethane 
secondary amine group is able to be attracted and take part in a weak secondary force with the 
electronegative dipole around the urethane carbonyl or near the PEG ether. For this reason, most 
secondary amine will take part in hydrogen bonding and has been shown to be ~90 % much 
higher than carbonyls which are much closer to 30 % to50 % hydrogen bonded. The unique 
double crystalline systems studied here mean that the PEG-based SPU have 2 segments with a 
strong drive towards crystallization. Crystals of HDI-BDO or PEG contribute further towards the 
degree of phase separation since crystals of one segment differ in structure from the crystals of 
the other, therefore "pushing out" one phase from the other. This crystalline-crystalline system 
further complicates the physical chemistry model for phase separation.  
 The extent of hydrogen bonding of the urethane-carbonyl can approximate the degree of 
phase separation of the SPU system. The extent and type of hydrogen bonding can be inferred by 
observing the intensities of the carbonyl “shoulder” at 1714 cm-1 and of the PEG peak and its 
breadth at 1110 cm-1. The peak at 1685 cm-1 due to carbonyls that are organized and strongly 
hydrogen bonded to amines, possess restricted vibrational motions registered by a lower absorbed 
frequency. It has been reported that the carbonyl peak can be separated into 3 regions, related to 
different types of hydrogen bonding in SPU. Carbonyls not involved in hydrogen bonding have 
peaks that were observed near 1732 cm-1, carbonyls associated with poorly ordered hydrogen 
bonding were observed at 1708 cm-1 and strongly hydrogen bonded carbonyls were observed 
around 1685 cm-1.1, 107, 109 We attribute the 1685 cm-1 and 1714 cm-1 bands for 50 wt% HS SPUs 
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to strong and poorly hydrogen bonded carbonyls, respectively (Figure 3.4b). The slight deviation 
from the aforementioned peak positions observed in literature is due to differences in the HS 
components. As HS content increases the carbonyl peak at 1685 cm-1 broadened due to the 
formation of larger HS domains. In addition, with increasing HS content the peak around  
1714 cm-1 not only shows some suppression but also downshifts, overlapping with the stronger 
hydrogen bonded peak, as shown in Figure 3.4a. This can be attributed to an increased degree of 
phase separation with increasing HS content. In addition the NH wagging of the amide II region 
shows very little change associated with the different compositions of the PEG-based SPU 
samples. 
 
Figure 3.4: (a) Amine region (b) amide I and II region of transmission FTIR of samples cast on KBr pellets 
  
 The secondary amine peak from the urethane repeat unit arises at 3320 cm-1 when it is 
taking part in hydrogen bonding. The peak in Figure 3.4b appears narrow and relatively 
symmetric over all PEG-based SPU compositions. A peak at 3440 cm-1 would arise if there were 
"free" amines in the system. Additional peaks at ~3360 cm-1 to 3390 cm-1 which has been 
identified as related to a intense phonon vibration of carbonyls in Fermi resonance with the amine 
stretching.110 This overtone is predominant and complicates the use of the amine peak for 
Hydrogen 
  
"Free" a b 
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determination of phase separation. Hydrogen bonding between the secondary urethane amine and 
PEG ether also exists thus producing higher values for hydrogen bonded amine versus the 
hydrogen bonded carbonyl.110 Since both our urethane secondary amine peaks are relatively 
narrow and a large peak responding to well-ordered hydrogen bonded carbonyl exists in 
comparison to "free" or weekly ordered hydrogen bound peaks, that there must be a large degree 
of phase separation most likely due to the amount of crystallinity in the HS-rich domains which 
are held together by enthalpic forces and hydrogen bonding. 
3.6 Morphology and Phase Separation of Poly(ethylene glycol)-based Segmented 
Polyurethanes from Small-Angle X-ray Scattering  
 Separation of a SPU HS from its SS is a result of a thermodynamic driving force for these 
incompatible segments to avoid contact with one another. Phase separation within a material is 
well established by SAXS due to its ability to scan large sample sizes for changes in periodic 
electron densities on a length scale equivalent to microphase separation. Figures 3.5 and 3.6 
shows the SAXS of PUe850 and PUe860 for samples quenched from melt and those that were 
annealed at 60 °C, above Tm of the SS, for 3 days.  
 Using Origin Software the 3-D periodic electron density difference throughout the 
material was calculated by subtracting an arbitrary baseline from a plot of ln(Iobs) vs. ln(q). The 
peak that is left was fit with a Lorentzian distribution. The apex of the peak from the Lorentzian 
fit was converted from reciprocal to real space via the Bragg Equation. The change in electron 











Figure 3.5: SAXS data of PUe850 unannealed and annealed which show (a) is the log I vs. log q plot (b) a 




Chapter 3: Soft Confinement in Double Crystalline Pristine Segmented Polyurethane 65 
 
 
Figure 3.6: SAXS analysis of PUe860 unannealed and annealed which show (a) is the log I vs. log q plot 
(b) a Lorentz corrected plot for stacked the lamella assumption and (c) an indication of phase boundaries 
  
 The d-spacing of a single HS-SS period was found to be 11.1 nm and 14.3 nm for 
PUe850 and PUe860, respectively. For many SPU systems a Lorentz corrected curve was used to 
calculate the periodic d-spacing rather than calculating it from the ln(Iobs) vs. ln(q) curve. The 
Lorentz corrected peak approximates the periodic change in electron density if the systems being 
measured possesses a stacked lamellar structure; which has been shown to be the case for many 
SPUs. A Lorentz corrected spectra is acquired by plotting ([Iobs(q)-Ib]*q2) vs. q. The value Ib is the 
c 
a b 
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background scattering due to thermal fluctuations and is obtained through analysis of Porod's law 
described later. After plotting a clear peak was observed. This peak was also fit with a Lorentzian 
distribution in Origin in order to determine the exact location of the peak's apex. Values for the 
stacked lamellar morphologies are smaller than those for a assuming a 3-D periodic electron 
density. The difference between stacked lamella d-spacing and 3-D d-spacing increased for 
annealed samples which we would fit with the idea that annealing improves crystallinity which 
have well packed structures which are smaller than amorphous coils.  
 Much of the following analysis applies only in the case of an ideal 2 phase system with a 
sharp interface. It is noted that this system is far from an ideal 2 phase system. However, SPUs 
have often been analyzed from the stand point of a 2 phase system with a gradient interface 
despite not being 2 phase. A gradient interface is translated into a smooth interface in the works 
of Gibson and Koberstein.20, 111 First a gradient interface is smoothed out for thermal fluctuation 
of the boundary. Then the interface is treated as ideal by assuming a sigmoid gradient. We will 
use this analysis noting that the double crystalline nature of our system makes it 4 phase with less 
than ideal interfaces. 
 A significant amount of data at high values of q can be acquired by analyzing Porod's 
Law for the case of the aforementioned ideal 2 phase system with a sharp interface, Equation 3.4. 
The thermal fluctuations at high q values is taken into account by subtracting a baseline, Ib, which 
is a constant using the Bonart method. This constant is obtained as the slope of the curve of  
Iobsq4 vs. q4. Where Iobs is the observed intensity from SAXS and q is the scattering vector in 
reciprocal ångströms.  
lim
q→∞
Iobs(q) = KpH2(q)q4 + Ib(q) Equation 3.4 
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Kp is Porod's constant and H2(q) is the interfacial contribution to scattering. H2(q) may be written 
as Equation 3.5 when assuming a gradient with sigmoid shape. This sigmoid gradient is expressed 
in Porod's law by the letter σ.   
H(q) = exp (−12σ2q2) Equation 3.5 
The values of Kp and σ may be calculated by plotting a linear fit to the plot of  
ln[(Iobs(q)-Ib)q4] vs. q2 in the high q-region (q2 = 0.005 - 0.030 Å-2 for 3 samples and in the case of 
PUe860u which displayed 2 distinct slopes the region q2 = 0.0150 - 0.030 Å-2 which corresponded 
more in the Porod regime then the higher q values). The 2 regions suggest that there may be 2 
structure that obey Porod's law, suggests Koberstein but analysis suggests the slopes are far too 
wrong and that this sample did not follow Porod's law at high q. From the plot Kp is the 
exponential of the intercept and σ is  equal to the (-slope/4π2)1/2. The thickness of the interface, E, 
is related thus equal to σ(12)-1/2. Values of E have been observed in 2 ranges from literature. The 
first range has been <1.0 nm and the other between 2.0 nm to 4.0 nm.111 Table 3.4 lists the 
parameters calculated from the prior equations and aids in determination of the gradient size and 
shape as was described previously.  
Table 3.4: Size of repeat electron densities and gradients between phases  
Sample d (nm) da (nm) φHS Ib (cm-1) Q (cm-1Å-3) σsigmoidal (nm) E (nm) Kp lH (nm) 
PUe85u 11.1 9.91 0.506 0.0394 5.89E-04 0.97 3.36 0.00005 5.290 
PUe85a 10.5 9.95 0.506 0.0385 5.63E-04 1.10 3.80 0.00004 4.799 
PUe86u 14.4 10.6 0.607 0.0378 5.29E-04 1.92 6.67 0.01290 0.021 
PUe86a 11.2 10.4 0.607 0.0265 3.91E-04 0.92 3.19 0.00003 7.130 
a Lorentz 
      
   The values for the size the interface are rather large particularly for the case of PUe86u in 
which a well defined slope was seen between 0.005 Å-2 to 0.010 Å-2 with an additional more 
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shallow slope between the region 0.010 Å-2 to 0.030 Å-2. The HS inhomogeniety length lH is the 
average length of the chords lying in the HS domain in which a 2 phase material is randomly 
intersected by an infinite number of lines. The inhomogeneity length is related to the ratio of the 
invariant and Porod's constant. The sample PUe86u displayed an lH that was much lower than 
expected suggesting that neither of the structures within PUe86u obeyed Porod's law since the 
intercept and slope were very different then the range expected. 
lH = 11 − ∅H 2π2  ∫ I(q)q2dq∞0 Kp   Equation 3.6 
 Other values of lH and σ, agree well with what is found in literature.111 Interfaces were on 
the larger side of what is seen in literature and may be expected since the crystalline aspect of 
each phase scatters to a greater degree than the amorphous material due to the increased electron 
density within a crystal. The amorphous regions therefore contribute to the calculated interface 
thickness inflating them. However, the relative value of the gradient size still gives an 
approximate picture of the thickness between repeating periodic crystalline structures. Values of 
the inhomogeneity length of the hard domain are in close agreement to the expected size of a hard 
domain quoted earlier (~2 nm to 5 nm) indicating that they are indeed phase separated. TEM 
images in a subsequent section shows that the lamellae of spherulites needles have an 
approximate width of 5 nm to10 nm, which is in agreement with values of lH, and that they were 
thicker for PUe86 samples.  
 Phase separation can be approximated by comparing the corrected invariant to the Porod 
invariant assuming complete phase separation. It is important to first know the electron density of 
a given segment. The electron density of a segment can be calculated by Equation 3.6 in which 
Ne- is the number of electrons in a of a repeat unit, Mu is the molar mass of the segment repeat 
unit and NA is Avogadro's number.92 For HDI-BDO Mu is 258 g/mol, MDI-BDO Mu is g/mol and 
PEG is 44 g/mol. 
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ρi = Ne−Mu ∗ ρm ∗ NA Equation 3.7 
The density of a segment was calculated through DSC data. The percent crystallinity acquired 
through the DSC technique was used to determine the volume fraction of amorphous and 
crystalline contributions of each segment. The densities of each material which were listed in 
Table 3.1 were then used to calculate the effective density of a segment. PEG effective density 
was 1.17 g/cm3 and HDI-BDO 1.18 g/cm3. In many studies, MDI-BDO is mostly amorphous the 
density of 1.27 g/cm3 for the work of Saiaini et al. was used.92 PTMG being amorphous always 
had a density of 1.0 g/cm3. For comparative purposes a Table 3.5 shows the components in this 
chapter as well as in Chapter 4 and 5 and the commonly found MDI-BDO system. As was the 
case in calculating the electron density of a phase, accurate phase densities are critical in 
determining values of phase separation. The actual volume fraction (φ) of each phase is therefore 
required in order to correctly calculate the phase separation. Work by Peebles and Miller et al. 
demonstrated the equations and for determining the polydispersity of a HS and its relationship to 
an MDI-PTMG-BDO system, respectively.112 Garrett et al. and Saiani et al. used the equations in 
order to determine the number of MDI units that were sandwiched between 2 PTMG SSs.92, 111, 112 
These single diisocyates effectively may be considered part of the SS. In our work we have not 
performed the necessary GPC step after the first step of SPU synthesis in order to use the Peeble 
relationships. However, 2 assumptions were made first, NMR results have identified that the 
average MW of the HS is on the order of the expected HS content. In addition high segment 
crystallinity of each phase will scatter to a greater degree than the amorphous regions treating the 
system as a non-ideal 2 phase system, which will alter the absolute values of phase separation 
making the slight contribution of sandwiched PEG-HDI-PEG trivial compared to the 
experimental error of said calculations. 
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Table 3.5: Electron densities of SPU segments 
 
The invariant, Q, proportional to the mean square of the difference of electron densities for the 2 
phases.   
Q = � I(q)q2dq∞
0
= 2π2ieΔρ2 Equation 3.8 Qmax = 2π2ieΔρc2 = 2π2ie∅HS(1 − ∅HS)(ρ1 − ρ2)2  Equation 3.9 




c = 12π2ie = 6.38 x 1023 (e−)2cm2  Equation 3.11 
ie is Thompson's constant for the scattering from one electron equal to 7.94 x 10-26 cm2.   
∆ρ2
′ = c� [Iobs(q) − Ib(q)]q2dq∞
0
 
 Equation 3.12 
∆ρ2






Sample Mu (g/mol) Ne- ρix1023 (e-/cm3)
PEG(χc = 1.0) 44 24 3.80
PEG(χc = 0.4) 44 24 3.78
PTMO(χc = 0.0) 72 40 3.87
HDI-BDO(χc=1.0) 258 90 2.43
HDI-BDO(χc = 0.4) 258 90 2.43
MDI-BDO (χc = 0.0) 340 130 3.11
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The corrected mean square difference in electron density divided by the mean square difference 
in electron density for a completely phase separated system will give an approximation of the 




− 1 Equation 3.15 
Equation 3.15 gives an overall measure of intermixed segments has a value of overall phase 
separation with a value of 0 related to no mixing between the phases. The actual amount of HS in 






While the measure of the boundary diffusiveness, Equation 3.16, is a ratio of the second and first 
mean square difference in electron densities. These values were used to determine the degree of 
phase separation and to what extent the phase separation, the boundary thickness and phase 
mixed regions contribute to scattering I(q) Table 3.6. Phase separation is <10 % which is rather 
low. The observed low degrees of phase separation were likely caused by 2 factors. One factor 
mentioned previously, regarding boundary thickness E, explained that the crystals in each phase 
scatter more than the amorphous regions meaning that values of phase separation should be lower 
than expected as SS crystallinity decreased. Gibson, et al. indicated that for a semi-crystalline 
SPU 75 % of the scattering was due to the difference of the crystalline segment and the 
amorphous polymer around it (composed of HS and SS and not to the electron density differences 
of the 2 phases (which is small).111 In addition the high extent of HS, Koberstein suggests, are 
above a critical threshold attained in which it becomes difficult for the HSs to pack together.113 
Decreased mobility was observed in the SPU samples with HS contents >50 wt%; dissolution in 
DMAc was difficult requiring dilute solutions and high temperatures. Films were therefore melt 
formed at temperatures (~200 °C) below TODT. The relatively quick kinetics of crystallization led 
to some phase separation and crystallization. This is established by the fact that nearly all of the 
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scattering from SAXS may be caused by intermixing of the segments. At high enough 
concentrations of HS we would expect ease of HS mobility to be decreased due to the polar 
interactions of urethane groups as they flow past each other. It is important to note that annealing 
appeared to decrease phase separation, which could be due to increased phase mixing within the 
amorphous HS and SS phases since the samples were annealed below Tm of the HS. The 
increased temperatures and similar solubility of the 2 phases might lead to increased 
compatibility of each segment in the amorphous phase.  
Table 3.6: Contributions to scattering from SAXS  
 
 Annealing did not change the domain spacing indicating the quick kinetics of phase 
separation for a HDI-BDO HS. However, the interphase PUe860 samples have a larger domain 
size than their corresponding PU85 which fits with model in which the PU86 possess ~10 wt% 
more HS than PU85.  
3.7 Structure and Morphology of Poly(ethylene glycol)-based Segmented Polyurethanes 
with High Hard Segment Content from Thermal Analysis 
 TGA scans of the SPU series were collected under nitrogen at 10 °C/min to detail the 
thermal degradation. All samples showed a 5 wt% loss at ~297 °C, a T1max  at ~346 °C, indicating 
the greatest rate of mass loss of the HS, T12max (if present) at ~358 °C, which is affected by the 
ratio of the length of HS to SS, and T2max of ~437 °C, which indicates the greatest rate loss of SS 
mass, with ~2 wt% char residue above 540 °C, which are all characteristic of SPUs.114 Char 
residues were high due to the nitrogen atmosphere reducing the complete oxidation of organic 
species. Calculations of Timax, where i denotes the phase, was done via the peak lowest positions 







PUe85u 5.89E-04 5.92E-04 0.081 11.258 0.005 8.1 4.0 87.9
PUe85a 5.63E-04 5.66E-04 0.078 11.830 0.006 7.8 4.7 87.6
PUe86u 5.25E-04 5.33E-04 0.078 11.653 0.016 7.8 12.4 79.8
PUe86a 3.91E-04 3.93E-04 0.058 16.173 0.004 5.8 2.3 91.9
Chapter 3: Soft Confinement in Double Crystalline Pristine Segmented Polyurethane 73 
on a derivative curve of the weight percentage vs. temperature. Figure. 3.7a shows the derivative 
curve of one sample which is characteristic for all the PEG-based SPU samples.  
  
Figure 3.7: (a) Derivative weight loss of TGA for sample PUe850 (b) TGA of all samples 
  
 Figure 3.8 shows the DSC thermograms of SPU samples based on 2000 g/mol,  
4600 g/mol and 8000 g/mol PEG. The second heating shows 2 clear endotherms attributed to the 
Tm of the SS and HS. For all samples containing 50 wt% HS, a broad peak of the HS endotherm 
is observed. As the HS content is increased the HS endotherm peak shifts and appears to have 
multiple endotherms. It has been shown that the semi-crystalline HS can possess multiple 
endotherm transitions depending on the degree of phase mixing and the HS length uniformity 
created during synthesis.90-92, 115, 116 It is also possible for the HS to possess a Tg, which is often 
reported within the range of 90 °C to 120 °C for many aromatic diisocyanates. However, no Tg 
was seen for our samples due to their relatively high degree of crystallization and small change in 
heat capacity.117 Table 3.7 shows a summary of the DSC thermograms for all the samples. Pure 
PEG was evaluated by Wunderlich, et al. and was shown to possess a heat of fusion (ΔHf) of  
8.66 kJ/mol while the work of Kajiyama and MacKnight found that the HDI-BDO HSs’ possess a 
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Table 3.7: DSC analysis of PEG-based PU components and segment 
Sample Tonset,m (°C) Tonset,c (°C) ΔHm (J/g) χc,SS Tonset,m (°C) Tonset,c (°C) ΔHm (J/g) χc,HS
PEG-2000 49.44 38.75 166.53 84.61 - - - -
PEG-4600 57.47 34.34 150.80 76.62 - - - -
PEG-8000 61.24 38.86 156.94 79.74 - - - -
HDI-BDO - - - - 167.98 152.68 119.50 63.57
PUe250 16.56 4.35 59.04 30.00 131.95 133.68 54.44 28.96
PUe260 10.18 0.86 22.72 11.54 151.72 145.03 57.90 30.80
PUe450 26.97 29.26 75.82 38.52 155.35 149.52 68.77 36.58
PUe460 22.64 23.60 66.58 33.83 154.62 144.77 79.18 42.12
PUe470 24.90 17.77 55.74 28.32 158.05 149.83 76.37 40.62
PUe850 34.85 31.85 82.08 41.70 160.82 154.54 71.68 38.13
PUe860 31.85 29.75 78.36 39.81 165.25 157.20 78.28 41.64
PUe870 33.76 29.66 15.37 7.81 157.37 152.75 77.16 41.04
Soft Segment Hard Segment 
 
3.8 Soft Confinement of Soft Segment Crystallization by Hard Segment Crystals 
 In Table 3.7 the DSC data indicates a decrease of 7 ºC to 14 ºC in the SS Tc with 
increasing HS content. The area of the Tc peak is observably decreased with increasing HS 
content, to the extent of almost being suppressed for 70 wt% HS content samples. A good portion 
of the sample’s SS is therefore amorphous. On the other hand, the crystallinity of the HSs was 
also drastically reduced compared with the pure HS PU. This is attributed to the “soft 
confinement effect” in which a certain degree of phase mixing between the HS and SS occurs, 
which in turn, decreases the HS crystallinity. 
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Figure 3.9: XRD of unannealed PEG-based SPU samples 
 The crystal structures of the SPU samples were analyzed using WAXD. Figure 3.9 shows 
the crystal reflection peaks for samples quenched to room temperature after being heated for  
5 min at 200 °C. Diffraction peaks belonging to monoclinic PEG crystals and triclinic HDI-BDO 
crystals can be identified.120-124 We observed a PEG peak with a d-spacing of 0.463 nm attributed 
to the (120) plane reflection and another at d-spacing of 0.380 nm. PEG can be associated with 7 
planes around this d-spacing; (132), (032), (112), (212), (124), (204), (004).121 HDI-BDO was 
observed to have 3 peaks with d-spacings of 0.431 nm associated with the (100) plane, 0.400 nm 
with the (110) plane, and 0.364 nm with the (111) plane.122  
 The peak intensities are significantly different in these 8 samples. The well defined peaks 
that arose in samples quenched from the melt to room temperature are indicative of the fast 
crystallization/phase separation kinetics of the samples compared to aromatic diisocyanate 
systems, which show only a broad peak associated with crystallinity for most samples quenched 
to room temperature. HDI and BDO are both linear and aliphatic, and have greater mobility 
compared to the more commonly used HSs MDI and TDI. This increased mobility therefore 
instills a quicker and more complete phase separation.  
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 For both PUe250 and PUe260, PEG diffractions are negligible while the 3 peaks of the 
HS diffraction can be identified, indicating that HSs crystallized upon the quenching process. The 
absence of the PEG peak is consistent with the DSC observation that the Tm of the SSs in PUe250 
and PUe260 are below ambient temperature.  For the PUe4XX series, we observe both SS and HS 
diffractions, indicating both segments crystallized upon quenching. Furthermore, the relative 
intensity of the HS and the SS diffractions changes dramatically as the HS content increased from 
50 wt% to 70 wt%. In PUe450, the SS diffraction clearly dominates while in PUe470, the 
intensity of HS diffraction is stronger. More evident observation can also be seen in the PUe8XX 
series. In PUe850, negligible HS diffraction can be observed while in PUe870 the diffraction 
peaks of HS are much stronger than that of the SS diffraction, this observation clearly 
demonstrates the interplay of HS and SS crystallization during the fast quenching process. In the 
PUe2XX series, since the SS is liquid at ambient temperature, the phase morphology is controlled 
by the HS crystallization during quenching. For both the PUe4XX and PUe8XX series, the SS 
crystal peaks intensity significantly decreased while HS crystal peaks intensity increased upon 
increase of the HS concentration, indicating that higher HS contents led to a more crystalline HS 
domain. These crystalline HS domains apparently imposed stronger confinement upon SSs 
crystallization.  
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Figure 3.10: XRD of (a) PEG-based SPU with 2000 g/mol PEG (b) PEG-based SPU with 4600 g/mol PEG 
(c) PEG-based SPU with 8000 g/mol PEG slow cooled from melt  
 
In order to further study the kinetics of the confinement effect on the SS, each sample was heated 
at 200 °C for 5 min and then cooled to room temperature at 1 °C/min The effect of this change in 
thermal history is drastic on the crystal structure of the SPU samples. The slow cooling rate 
allows the HS to crystallize more fully before the SS. The WAXD patterns of the slow-cooled 
samples can be seen in Figure 3.10. Only the peaks related to the HS show marked intensity 
gains. For the PUe2XX series, the HS diffraction peaks’ intensities dramatically increased while 
no SS diffractions can be observed, due to the low Tm of the SS crystals. For PUe450 and 
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PUe850, we can see clear differences of the relative intensity of the HS and SS diffractions 
compared with the quenched samples. In the quenched sample, as previously shown, SS 
crystallization dominated and the degree of crystallinity of the HS is small. However, as shown in 
Figure 3.10, the relative peak intensity of the HS and SS diffractions are comparable, indicating 
that slow cooling allowed the HS enough time to crystallize. The confinement effect of the slowly 
formed HS crystals on the SS crystallization is more evident in SPUs with higher HS contents. 
While we observed appreciable SS crystallization in the quenched PUe870 and PUe470, the 
degree of the SS crystallinity was dramatically reduced in PUe460 and PUe860 and is completely 
suppressed in PUe470 and PUe870, indicating that better packed HS crystals impose stronger 
confinement effect on SS crystallization.  
3.9 Morphology of Poly(ethylene glycol)-based Segmented Polyurethanes by Electron 
Microscopy 
 SEM images show the topological shape of a PUe850 spherulite, a type of morphological 
superstructure. We can see the formation of spherulites at 3 different states. These shapes were 
limited by enough polymer material to form a full spherulite. Figure 3.11a shows the beginning of 
spherulite formation made up of needles of PUe850 which are in turn made of stacked lamellae of 
crystals. Figure 3.11b shows spherulites that are not completely filled in suggesting that they are 
in the process of filling in the spaces after primary needle formation by addition of secondary 
needles that do not grow during spherulite formation. Finally, Figure 3.11c shows a very nice 
completed Popoff spherulite indicated by the 2 "eyes" that make up the center. The SEM image 
clearly indicates a banded structure indicating twisting of the stacked lamellea during 
crystallization. TEM micrographs were taken of drop cast films of PEG-based SPU samples 
possessing different SS MWs and HS concentrations. The longer block sizes for PEG-based SPUs 
with 8000 g/mol SS were more flexible and the drive for crystallization was higher than the 
Chapter 3: Soft Confinement in Double Crystalline Pristine Segmented Polyurethane 80 
shorter chains. Thin film samples were solution cast on carbon coated TEM grids and annealed at 
167 °C for approximately 48 h.  
 
 
Figure 3.11: SEM images of PUe850 at (a) the early-stage of spherulite formation (b) mid-stage spherulite 
with incomplete filling (c) final banded spherulite formation 
  
 PUe850 was chosen for its relatively high SS MW and lower HS content, compared to 
other samples in the series. The primary structure observed under the TEM was spherulites 
composed of fibrillar/needle-like crystals and is shown in Figure 3.12. Recently, Wilkes et al. 
reported the observation of fibrillar structures in a series of PTMO-based SPUs, where the HS 
b c 
a 
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lengths were well controlled.108, 125 Similar morphologies were later observed using AFM in other 
groups.126, 127 Most of these works were conducted on solution cast, relatively thick films and the 
fibrillar morphology was in general attributed to the phase separation between HSs and SSs, 
while Wilkes et al. did show the relationship between the orientation between the fibrillar 
structure and the spherulites. Our TEM images clearly show the development of spherulites: the 
needles are parallel to the radial direction of the spherulites. More interestingly, Popoff eyes have 
been observed as shown in Figure 3.12a, indicating that the branching of the needle crystals is the 
formation mechanism of the PU spherulites.  
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Figure 3.12: TEM images of (a) PUe850 (b) PUe850 (c) PUe860 (d) HDI-BDO 
 
The needle crystals are a few 10s of micrometers long and their width is well-defined,  
approximately 5 nm to 7 nm. Figure 3.12b is of particular interest; an enlarged area where 2 
spherulites impinge. The needle crystals belonging to different spherulites penetrated through the 
boundary and continuously grew into the adjacent spherulite. The overlap region is on the order 
of a few hundreds of nanometers to micrometers. This interpenetrating morphology could be of 
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3.10 Dynamic Mechanical Analysis of Poly(ethylene glycol)-based Segmented Polyurethanes 
with High Hard Segment Content 
 The dynamic mechanical behaviors of the SPU samples were used to investigate the 
thermal transitions and material stiffness at various temperatures. Five of the samples PUe250, 
PUe260, PUe450, PUe850 and PUe860 were tested. Figure 3.13 shows the storage modulus E’ 
vs. temperature and the tan δ vs. temperature. Storage modulus gives us information about the 
stiffness of the material and tan δ is the dampening effect which describes the amount of energy 
that is dissipated compared to the energy stored as elastic energy. Average E’ of the samples 
range from ~1.3 GPa to 4.1 GPa for –100 °C and from 108 MPa to 417 MPa for room 
temperature, consistent with the literature data.127 
Table 3.8: Storage modulus values for different temperatures from DMA of PEG-based SPU samples 
 
 The first modulus decrease is relatively broad, spanning from -50 °C to about 50 °C. This 
decrease is due to 2 transitions, the glassy to rubbery transition and melting of the SSs. Above the 
PEG Tg the SPU samples show a drastic decrease in moduli possessing about 108 MPa to  
417 MPa around room temperature. The transition is quite broad and can be attributed to the high 
MW of the SS, which led to relative high SS crystallinity.  Also note that the magnitude of the 
decrease is approximately one order of magnitude, which is significantly less than most SPUs 
reported. This can also be ascribed to the high HS contents in our samples. 
Storage Modulus (MPa)
Sample -100 (°C) 0 (°C) 25 (°C) 100 (°C)
PUe250 2300 358 108 37.9
PUe260 1720 380 147 47.8
PUe450 4070 887 417 92.3
PUe850 1860 358 149 22.0
PUe860 1360 582 306 82.5
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Figure 3.13: (a) Storage modulus and (b) tan δ of PEG-based SPU from DMA 
 After the melting of the SS samples exhibited elastomeric properties with a slight 
decrease in moduli with increasing temperature related to PEG chain stretching with the longer 
PEG chains showing the smallest decrease in slope in the elastomeric range. Final failure of the 
polymer occurred around the Tm of the HS which differed from the DSC data mostly due to 
processing conditions.  
3.11 Conclusions 
 A series of HDI-BDO-PEG based SPU samples with high HS contents have been 
synthesized that rapidly phase separate into PEG and HDI-BDO domains. This SPU series 
represents a class of crystalline-crystalline block copolymers. Confined crystallization of both HS 
and SS was studied. As HS content increased there was a marked decrease in SS crystallinity and 
crystallization of the SS was significantly suppressed by the crystalline HS domain that surrounds 
it. PU spherulites with unique needle-like crystals were also observed using TEM and the needles 
are parallel to the radial direction of the spherulites. 
  The next few chapters will alter direction and discuss the mechanical properties of an 
SPU composites system composed of HDI-BDO HSs. Silica based fillers will be added at low 
a b 
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concentrations. We will change the SS from PEG to PTMG in order to switch from a semi-
crystalline oligomer to an amorphous oligomer at room temperature in order to reduce the 
brittleness of the samples and make samples for tensile mechanical testing. 
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CHAPTER 4: SEGMENTED POLYURETHANE-SILICON DIOXIDE PARTICLE 
COMPOSITES: THE EFFECT OF PARTICLE NATURE ON BLENDED STRUCTURES 
AND PROPERTIES 
 
4.1 Introduction  
 Structural materials should be capable of withstanding large forces and extreme 
deformations without failure. A phase separated SPU is composed of a physical reinforcing HS 
and deformable amorphous SS. The SS may deform dramatically under load, but the overall SPU 
matrix is maintained due to the reinforcing effect of the HS. This intrinsic structure of SPU makes 
it an excellent candidate for a structural material.3 At high deformation, typically >500 % strain, 
the HS will begin to plastically deform through the continuous SS phase. A continuous SS phase 
is likely when HS volume fractions are <50 %. Crack propagation is prevented by the plastic 
deformation of the HS and elastomeric mechanical behavior is observed.1 In this chapter an SPU 
will be synthesized which contains a SS that maintains its amorphous Gaussian coil structure 
under ambient conditions.  
 The mechanical properties of pristine SPUs are robust; however, SPU does not compare 
with the high hardness and elastic modulus values measured for ceramic and metal materials. As 
was described in Chapter 1, a method to generally improve the toughness of a polymer matrix is 
via the addition of a filler material that has a higher elastic modulus than the polymer matrix. An 
increase in a PNC’s elastic modulus over that of a pristine polymer matrix’s elastic modulus is 
expected based on the rule of mixtures.14 The rule of mixtures states that the PNC’s elastic 
modulus is a function of the elastic modulus and volume fraction of the polymer matrix and filler. 
SPUs’ have elastic moduli typically ranging from ~2 MPa to 50 MPa. Based on the rule of 
mixture these SPU matrices should be reinforced by the addition of silica particles which possess 
an elastic modulus of ~70 GPa.  
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 Restricted polymer chain motion ~1 nm to 2 nm around the rigid filler is observed. This 
region of restricted motions is called the rigid amorphous zone and was first defined by 
Wunderlich.128 Areas around these rigid amorphous zones (~20 nm in size) also display higher 
elastic moduli and decreased polymer chain motions. The hindered chain motions in this second 
region have been observed from the higher Tg over the pristine polymer matrix. The hindered 
motions of the polymer chains are a result of a decrease in the crank shaft motions in the polymer 
matrix; these motions cause the local flexibility of the polymer chains.7 
  Recent research in SPU nanocomposites has shown a myriad of property enhancements 
or depreciations upon the addition of a nanofiller to the SPU matrix.129, 130 A cursory exploration 
into the literature indicates that there is no clear relationship between nanoparticulate filler 
addition and property enhancement in PUs. Varying the particle size of a spherical silica 
nanoparticle has shown to disrupt phase separation. Evidence of the phase separation disruption is 
observed where the measured Tg of the SS increased. It is suggested that as the phase separation 
increases a greater degree of HS moves out of the SS and the Tg of the SS, which is no longer 
hindered by the rigid HS, should shift to lower temperatures closer to that of the SS homopolymer 
Tg. Some literature has shown that addition of nanoparticles has increased the Tg of the SS due to 
the rigid particles being adjacent to SS chains and restricting their motions. It is clear that the 
many variables that are present within the SPU nanocomposite system can lead to a variety of 
properties.  
 The issue of uncontrolled gains or losses in SPU properties upon the addition of 
nanoparticles into the polymer matrix has also been observed in regards to mechanical properties. 
An almost universal trend has been the reduction of extensibility or strain-at-break upon the 
addition of nanoparticle filler to the SPU matrix. However, there is evidence that control over 
nanoparticles location within the SPU matrix will lead to property control of the SPU 
nanocomposite. Simple blending of nanoparticles modified with ligands, into a polymer matrix, 
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led toward well ordered nanoparticle structures or controlled placement within a polymer 
matrix.11, 131 It is known that control over the structure and placement of a filler in a polymer 
matrix leads to property control of the PNC.16 
 We tested 3 types of silica particles that were solution blended with a pristine SPU. 
Unmodified silica nanoparticles, 12 nm in size, were the focus of the work. Nanoparticles make 
for desirable fillers as their high surface area allows for them to be added at low concentrations 
and affect more of the matrix than equivalent concentrations of larger silica particles.15 We intend 
for the silanol functionality of the unmodified particle to be favorably bonded with the HS via 
hydrogen bonding. It is expected that unmodified silica nanoparticles will be preferentially within 
the HS-rich domains. Methyl modified silica nanoparticles were also blended into a SPU matrix. 
The methyl functional group (CH3) is devoid of polarity and should not take part in hydrogen 
bonding with the HS. We hypothesize that the methyl modified particles should be placed 
preferentially within the SS-rich domain. Micrometer-sized particles were added to an SPU 
matrix to determine the effect of filler size on structure and properties of a blended SPU 
composite. Micrometer-sized silica particles ranged in size from ~0.1 μm to 1.0 μm, which are 
one to 2 orders of magnitude greater than the domain sizes of an SPU. It was assumed that there 
should be no particular domain in which micrometer-sized particles were located as they were 
larger than either micro-phase domain.   
 It was observed that pristine PUt25 displayed elastomeric mechanical properties while 
blended samples regardless of filler type and concentration were brittle. The brittle nature of the 
blended samples was so great that they could not be mechanically evaluated by tensile tester. 
Structural investigation of blends determined that particles acted as a nucleating agent for HS and 
SS for all filler size and functionality. Despite systematic attempts to add control to the structure 
and location of silica particles within blends of SPU, evidence suggests that control over particle 
placement is limited by the processing technique.  
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4.2 Materials 
4.2.1 Synthesis of Pristine Poly(tetramethylene glycol)-based Segmented Polyurethane 
 SPU composites were synthesized with a SS of hydroxyl terminated PTMG possessing a 
MW of 2000 g/mol. The PTMG was degassed at 55 °C overnight prior to synthesis. As was the 
case for the PEG-based SPUs, HDI and BDO composed the HS fraction forming a linear, 
aliphatic segment that crystallizes relatively easily. Each component was vacuum distilled 
immediately prior to use in order to remove ambient water and other contaminants. DMAc and 
DBTL were used as-received. 
 
 The 2-step reaction and chemical structure of a typical SPU is shown in Figure 4.1. SPU 
samples were synthesized using the 2-step polyaddition polymerization process using DBTL as a 
catalyst to facilitate the reaction of the aliphatic diisocyanates.19, 30, 99 The SPU HS concentration 
was calculated by the industrial feed method, described in Chapter 2. During the synthesis of a 
pristine PTMG-based SPU the NCO to OH ratio was kept at a stoichiometric 1 : 1 in order to 
increase MW of the product while reducing possible side reactions.   
Chapter 4: The Effect of Particle Nature on Blended Structures and Properties 90 
 The SPU prepolymer was synthesized as follows. PTMG (20 g, 0.01 mol), DBTL  
(0.0075 g, 1.18 x 10-5 mol) and DMAc (65 mL) were added in a 500 mL three neck flask with a 
vacuum adapter, condenser, addition funnel and containing a magnetic stir bar. The reaction 
vessel was kept under a positive pressure of dried nitrogen to prevent the presence of water from 
entering the reactor. A large excess of HDI (4 g, 0.024 mol) in DMAc (10 mL) was added drop-
wise into the reaction vessel over ~30 min. The prepolymer reaction was then carried out at  














































Figure 4.1: Schematic representation of the 2 step pre-polymer method for pristine PTMG-based SPU 
synthesis 
  
 High MW SPU was synthesized as follows. The reaction temperature was increased 
gradually to 120 °C. BDO (1 g, 0.011 mol) and DMAc (10 mL) were then added concurrently to 
the prepolymer SPU and HDI mixture drop-wise over ~30 min. The reaction vessel was kept 
under a positive pressure of dried nitrogen. Polymerization to high MWs was carried out 
overnight. The polymer solution was collected and precipitated in de-ionized water. Unlike the 
PEG-based SPU the PTMG-based SPUs were not filtered after synthesis in order to observe 
properties for a material that would be similar to that produced commercially. The precipitate was 
dried under vacuum at ~50 °C for at least one week. 1H NMR(δ, ppm, DMSO-d6):  
δ (ppm)= 1.2 - 1.6 (CH2),  2.9 (CH2N), 3.9 (CH2CO),  7.0 (NH). IR (KBr): 3440 cm-1, 3320 cm-1 
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(NH stretch), 2940 cm-1 (asymmetric CH stretch), 2879 cm-1 (symmetric CH stretch), 1723 cm-1, 
1700 cm-1,1683 cm-1 (amide I), 1541 cm-1 (amide II). 
4.2.2 Surface Functionalization of Silicon Dioxide Nanoparticles 
 Silica nanoparticles, density of 2.3 g/cm3, dissolved in isopropanol (~30 wt%) were 
acquired from Nissan Chemicals. Ethanol and n-propyl triethoxysilane were purchased from 
Sigma Aldrich. Modification of the surface of the silica nanoparticles was performed as 
represented in Figure 4.2 using the hydrolysis/condensation reaction. Through hydrolysis the 
hydroxyl functionality of the silanol bond and the ethoxy chains from the methyl functional 
alkoxysilane ligands were disassociated from their silicon atoms. The condensation reaction 
attaches the hydrolyzed alkoxy ligand within the silica network of the particle thus patterning the 
surface with n-propyl chains. This is an equilibrium reaction.132 The surface area of an individual 
silica nanoparticle was calculated and used to determine the molar concentration of ligand 
required to cover all the particles. A 3-fold molar excess of ligand was used. Ethanol was the 
solvent and made up 90 wt% of the reaction. The reaction was stirred using a magnetic stir bar 
and placed in a reaction vessel with a condenser. A small amount of de-ionized water was added 
to catalyze the reaction. The reaction was heated from room temperature to 80 °C and allowed to 
react for ~12 h. The product had a slight blue color from the starting solution as methyl modified 
silica nanoparticles aggregated in ethanol. The product was centrifuged at 2000 rotations per min 
for 10 min. This speed was chosen to prevent aggregation of nanoparticles while still allowing for 
separation of the denser particles from unreacted excess ligand in solution. The supernatant was 
removed and fresh ethanol was added to dilute the precipitant. This washing process was 
performed at least 3 times. Solvent exchange was performed by adding DMAc and evaporating 
the ethanol at 50 °C. The final product was stored in a dessicator. 
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Figure 4.2: Schematic representation of silica nanoparticle modification with methyl functional groups via 
the hydrolysis-condensation reaction with n-propyl triethoxysilane 
  
 FTIR analysis of the methyl modified silica nanoparticles was acquired in order to 
identify that the reaction of the unmodified silica nanoparticles was achieved. A solution of 
ethanol and modified particles were cast onto KBr pellets. The solutions were dried on the KBr 
pellets by placing under a heating lamp at ambient conditions. The temperature was measured to 
be ~80 °C via a thermometer also placed under the lamp. Figure 4.3 shows the difference in the 
FTIR spectra of unmodified silica nanoparticles and the silica nanoparticles that were modified 
with methyl functionality.  
   
Figure 4.3: Enlarged transmission FTIR spectra of KBr pellets containing unmodified and methyl modified 
silica nanoparticles in the (a) methylene and OH region, (b) fingerprint region  
 
 In Figure 4.3a peaks between 2800 cm-1 and 3000 cm-1 arise for the methyl modified 
silica nanoparticles. This region of the transmission FTIR spectra is attributed to methylene 
groups present in the n-propyl triethoxysilane ligand. In addition a variation in the broad OH peak 
a b 
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was observed after silica nanoparticle modification. Some surface silanol and water groups still 
are observed in the OH range of the FTIR spectra after methyl modification suggesting that the 
entire surface of the silica nanoparticles may not be coated with methyl functional groups. Figure 
4.3b indicates peaks associate with the silica nanoparticles. Peaks from the Si-O-Si matrix are 
observed at 1097 cm-1, 805 cm-1, 465 cm-1 and silanol groups at 943 cm-1. After modification of 
the silica nanoparticles the shoulder identified by the black line in Figure 4.3b is broadened 
indicating that modification has taken place.133  
4.2.3 Micrometer-Sized Silicon Dioxide Particles  
 Silica micrometer-sized particles were purchased from Sigma-Aldrich. Silica 
micrometer-sized particles were a mixture of amorphous silica and crystalline quartz. The 
majority of particles were between 100 nm and 300 nm and up to ~1.0 μm in diameter. The silica 
micrometer-sized particles as-received from Sigma-Aldrich were a powder. A concentrated 
suspension of 25 wt% silica micrometer-sized particles in DMAc was prepared by sonication in a 
Branson bath sonicator for 90 min. The final solution was stored in a dessicator. The solution had 
a sand-like color. Precipitation of the silica micrometer-sized particles occurred over time and 
required 5 min in the bath sonicator prior to use to resuspend the silica particles.   
4.3 Blend Formation of Pristine Poly(tetramethylene glycol)-based Segmented 
Polyurethane-Silicon Dioxide Filler Composites 
 In order to produce blended SPU silica nanoparticles composites 5 g of pristine PUt25 
were dissolved in 80 wt% DMAc. The solutions were heated to ~70 °C for 3 h. A precalculated 
amount of silica particle, calculated as a fraction of the total SPU and filler weight, were added to 
the SPU/DMAc solutions. Solutions were stirred with a magnetic stir bar at ~70 °C. DMAc was 
allowed to slowly evaporate under normal atmosphere. After vitrification of the suspension, the 
blended samples were placed under vacuum at ~50 °C for at least one week. Blended samples 
contained 0.1 wt%, 0.5 wt%, 1.0 wt%, 5.0 wt% and 20 wt% silica particles of various sizes or 
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functional groups. Variations from the precalculated silica filler concentration values were 
sometimes observed.  
4.4 Morphology and Mechanical Properties of Pristine Poly(tetramethylene glycol)-based 
Segmented Polyurethane 
 Empirically the pristine PUt25 films displayed mechanical properties that were mildly 
elastomeric. Pristine SPUs elastomeric mechanical properties differ from the waxy mechanical 
properties of PTMG due to the addition of the HS which increases the MW of the final polymer. 
In addition, the HS acts as a reinforcing agent by holding the SPU matrix together at specific 
regions. The extent in which the SPU is held together is a result of phase separation, 
crystallization and hydrogen bonding of the HS.1 Figure 4.4 shows a schematic representation of 
the effect of these processes on the structure of a phase separated SPU with amorphous SS and 
crystalline HDI-BDO HS.  
 
Figure 4.4: Schematic representation of a phase separated SPU with amorphous SS in blue and crystalline 
HS in black. The highlighted region displays hydrogen bonding between amines and carbonyls within the 
chain folded HDI-BDO crystal structure 
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Thermodynamic incompatibilities between the SS and HS drive phase separation. The PTMG SS, 
represented in blue, maintain an amorphous Gaussian coil shape at room temperature which are 
capable of being elongated under a load. HDI, unlike aromatic diisocyanates, is flexible and when 
bonded with BDO may crystallize into the meta-stable chain folded structure.76 Rigid regions of 
HDI-BDO, seen in Figure 4.4 as black straight lines, forms either a chain folded crystal structure 
or an amorphous glassy conformation. Well packed crystals take part in intra-sheet well-ordered 
hydrogen bonding displayed in the highlighted region in Figure 4.4.   
 Films were cast for tensile testing, as described in Chapter 2, in order to quantify the 
elastomeric properties. The stress vs. strain curve of the PUt25, seen in Figure 4.5a, displays 
typical elastomeric behavior. Although semi-crystalline by nature, neither a drop in stress 
associated with HS crystal breaking nor the strain hardening classically seen when HS rearranges 
was observed. The pristine PUt25 samples broke repeatedly in the plastic deformation regime. 
This has been explained due to the composition of the SPU in which the SS forms a continuous 
phase. Plastic deformation by HS flow through the continuous SS is the predominant feature. 
Semi-crystalline mechanical behavior is observed only if the HS forms a continuous network 
through the SPU.1 Figure 4.4b is a diagram of how the SS and HS provides SPU with the 
elastomeric properties observed. After casting the SPU HS and SS are phase separated to a 
particular extent due to thermodynamic and kinetic factors. Part of the HS becomes crystalline 
while the rest remains glassy. Some of the segments hold together different domains while others 
interact via secondary bonding or entanglement of polymer chains. At ~180 % strain the SS has 
elongated to its maximum capacity. HS crystals did not break up but plastically deformed in the 
direction of load; this explains the lack of stress typically observed at the start of the plastic 
regime for semi-crystalline polymers. Although the HS domains have deformed into the direction 
of load the lack of strain hardening suggests that no reordering occurs within the system. The 
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weakest points fail catastrophically when crack propagation is no longer hindered by HS or 
energy dissipating events.   
   
 
 
Figure 4.5: (a) Stress-strain curve for elastomeric pristine PUt25 (b) molecular schematic representation of 
SPU at 0% deformation and just before break 
 
Characterization of the pristine PUt25 SPU sample was performed in order to determine the 
composition of the matrix used during blending. 1H NMR analysis was performed to determine 
the structure of the SPU backbone. 20 wt% solids were dissolved in DMSO-d6 and added to a  
300 MHz NMR tube at a height of ~5 mm. A d1 time of 3 s was used and no change in spectra 
were observed after 80 scans. Figure 4.6 indicates the typical structure of a PTMG-based SPU.  
a 
b 

















Figure 4.6: 1H NMR spectra of PUt25 performed in DMSO-d6 and a d1 time of 3 s. The structure of PUt25 
is elucidated by identifying the hydrogen positions along the SPU backbone. * indicates the presence of 
solvent impurities  
 
Proton peaks from NMR were identified in relation to their position within the backbone of 
the SPU chain. Some contamination from solvents used during washing are indicated in the figure 
by a *.134 It was clear that the SPU was mostly linear with minimal peaks above 7.2 ppm; the 
location of allophonate and biuret proton peaks.104  
4.5 Composition of Blended Poly(tetramethylene glycol)-based Segmented Polyurethane-
Silicon Dioxide Particle Composites 
 FTIR analysis was performed on the unmodified nanoparticles blended with 
PUt25. 2 additional filler concentrations, 5.0 wt% and 20 wt%, were prepared in order to 
compare with values more commonly observed in literature. 
H2O 
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Figure 4.7: Transmission FTIR spectra of pristine PUt25 solution blended with unmodified particles. 
Nanoparticle concentration increased from 0.1 wt% to 20 wt%. (a) Full spectra with characteristic peaks in 
amine, methylene, amide I and amide II region from SPU and in fingerprint region for Si-O-Si bond of the 
silica nanoparticles (b) enlarged spectra of amide I and amide II region 
 
Figure 4.7 shows the transmission FTIR spectra of PUt25 blended with unmodified silica 
nanoparticles. Peaks observed were characteristic of an SPU. Peaks attributed to silica 
nanoparticles became increasingly prevalent as filler concentration was increased. Table 4.1 lists 
the assignment of peaks attributed to a poly(ether urethane) and silica nanoparticles. It was clear 
that no NCO was observed in the FTIR spectra indicating that SPU reactions were complete. 
  
b a 
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Table 4.1: Common FTIR peak positions attributed to SPU and silica particles  
Frequency (cm-1) Assignment 
3340 ν(NH), free 
3320 ν(NH), hydrogen-bonded 
2940 ν(CH2), asymmetric stretch 
2879 ν(CH2), symmetric stretch 
2250 ν(N=C=O) 
1720 ν(C=O), free 
1700 ν(C=O), hydrogen-bonded weakly organized 
1683 ν(C=O), hydrogen-bonded strongly organized 





4.5.1 Mechanical Properties Blended Poly(tetramethylene glycol)-based Segmented 
Polyurethane-Silicon Dioxide Particle Composites  
Regardless of filler type all blended samples displayed empirically a stiffer feel than pristine 
SPU. Films for tensile tests were prepared in the same manner as described in Chapter 2. The 
brittle behavior of the blended composites made for films with little toughness and flexibility. 
The blended sample films would break during removal from the Teflon plates. No blended 
sample was able to be processed for tensile testing.     
4.6 Morphology of Blended Poly(tetramethylene glycol)-based Segmented Polyurethane-
Silicon Dioxide Particle Composites 
 In order to elucidate the cause of the blended samples brittle behavior it was necessary to 
identify the structure of the blended SPU-silica particle composites and compare it to the pristine 
SPU. Identification of the silica particle location within the SPU matrix may aid in evaluating the 
cause of the blended composites' brittleness. DSC was performed on all blended samples. DSC 
may evaluate the ability of the HS and SS to crystallize. The crystallization behavior of the SPU 
segments provides an method for evaluating particle location and SPU structure. 
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Figure 4.8: DSC thermograms of PUt25 UnXXb taken in a nitrogen atmosphere with a  heating rate of 10 
°C/min. (a) 2nd heating and (b) 1st cooling of PUt25 UnXXb composites 
  
The effect on HS and SS crystallization became drastically different from pristine PUt25 
crystallization behavior when unmodified silica nanoparticles were added to a pristine PUt25 
matrix. The silica nanoparticles act as nucleating agents for crystals of HS and SS. Figure 4.8 
shows how the peak position shifts to higher temperatures indicated that the addition of the 
particles increases the driving force for crystallization. 
Table 4.2: DSC analysis of PUt25 UnXXb via sigmoid fitting of peaks using Pyris software 
 
The extent of crystallinity is calculated from the area under the melting peaks of the HS and SS, 
recorded during the second heating of the SPU silica nanoparticles composites. From Table 4.2 it 
is clear that for SPU-silica nanoparticles composites at low concentrations of silica nanoparticles 
the HS crystallinity decreases while SS crystallinity increases substantially. This trend switches 
as particles act as nucleating agents for the HS. As was shown in Chapter 3, controlling the 
Sample ΔHf (J/g) χc,SS (%) Tonset,m (°C) Tm (°C) Tc (°C) ΔHf (J/g) χc,HS (%) Tonset,m (°C) Tm (°C) Tc (°C)
PUt25 14.3 9.5 -13.92 6.03 -29.37 12.1 25.8 114.46 158.37 108.30
PUt25 Un0.1b 39.8 26.6 1.53 14.59 -11.37 10.3 22.0 124.98 146.03 126.30
PUt25 Un0.5b 32.9 22.1 0.62 16.87 -11.70 11.2 24.0 107.24 146.03 127.97
PUt25 Un1.0b 29.1 19.6 1.45 17.87 -8.03 15.4 33.1 99.21 152.20 132.80
PUt25 Un5.0b 22.2 15.6 3.50 18.37 -7.87 15.3 34.3 147.97 154.37 132.97
Soft Segment Hard Segment
a b 
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crystallization of the HS will hinder the SSs ability to freely rotate and therefore we see that 
crystallinity decreases. Addition of silica nanoparticles shift the Tc of the HS and SS to higher 
temperatures, which indicates that for blended composites the addition of silica nanoparticles 
creates new sites for heterogeneous nucleation of the SPU segments.  
 
Figure 4.9: DSC thermograms under a nitrogen atmosphere with a temperature ramp of 10 °C/min 
displaying the 1st cooling for pristine PUt25 blended with (a) methyl modified silica nanoparticles and (b) 
μm-sized silica particles 
  
 The DSC thermograms of the methyl modified silica nanoparticles blended composites 
and the micrometer-sized silica particle blended composites were also recorded. The first cooling 
of the methyl modified silica nanoparticles as well as micrometer-sized silica particles indicate 
that the Tc of the HS and SS increases to higher temperatures upon addition of the silica particles. 
This trend in Tc was the same as observed for the SPU-unmodified silica nanoparticles 
composites. However, at 0.1 wt% loading of micrometer-sized particles the SS crystallization 
peak was different then for all other blended composite samples. This may be due to the size of 
the micrometer-sized silica particle not impacting the nanometer-sized domains of the SS fully at 
the low concentration. Changing the enthalpic and entropic terms that govern particle interaction 
a b 
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with the matrix, by adjusting particle surface chemistry and size, did not appear to affect the 
overall location of the filler or properties of the final composite.   
4.7 Discussions 
 Control over particle location via physical interactions between silica particle surface and 
SPU matrix was not observed in the blended composites. Additional factors that govern silica 
particle location include inter-particle interactions and exclusion during phase separation from a 
particular domain due to thermodynamic incompatibility. These additional factors may be greater 
than the interactions between silica particles and the HS-rich domains. For this reason, no 
difference in particle location was observed in any blended system. The lack of control over silica 
particle placement led toward mechanical behavior that was brittle and not elastomeric. 
 
Figure 4.10: Schematic representation of PUt25 blended composite at 0 % deformation and just before 
failure  
  
 Contrary to the schematic representation of a pristine SPU’s molecular behavior during 
elongation, Figure 4.5b, the addition of a silica particle into the SPU matrix by blending limits the 
deformation of the PNC, observed by the brittle behavior of SPU-silica particle composite films.  
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Upon addition of a load, SS chains are unable to elongate to their full potential due to the 
presence of the silica particle. HS is unable to plastically deform through the SS. Strain-at-break 
becomes much lower than in the pristine SPU. With micrometer-sized silica particles it was 
expected that the negative effect on HS domains would be lessened due to the decreased 
interaction between micrometer-sized silica particles and a particle domain. However, the 
presence of the micrometer-sized silica particles still restrict the full elongation of the SS from its 
ambient Gaussian coil state and limited the HS flowing through the SS. It is expected that silica 
particles in blended SPU composites have a strong tendency to aggregate if not well-wetted by 
the SPU matrix further reducing the plasticity of PNC. 
4.8 Conclusions 
 Pristine PUt25 was synthesized which displayed traditional elastomeric mechanical 
properties. Samples of pristine PUt25 were blended with unmodified silica nanoparticles, methyl 
modified silica nanoparticles and micrometer-sized silica particles, in an attempt to control 
particle location within a the SPU matrix. DSC results indicated that despite variations in particle 
size and functionality the location of the silica particles within the SPU matrix was 
uncontrollable. Blending led to PNCs which had brittle mechanical properties compared to 
pristine elastomeric PUt25. The observed brittleness of the SPU-silica particle composites may be 
explained by increased nuclei and crystallinity of HS and SS as well as by reduction in 
extensibility of SS and HS plastic flow. 2 schematic representations for molecular behavior under 
load were given for a pristine PUt25 matrix and a blended PUt25 matrix containing an 
unmodified silica particle. Another method of SPU-silica particle composite formation would 
need to be evaluated in the design of a mechanically robust material. Chapter 5 will evaluate the 





CHAPTER 5: SEGMENTED POLYURETHANE-SILICON DIOXIDE NANOPARTICLE 
COMPOSITES: THE EFFECT OF CONTROLLED PARTICLE PLACEMENT 
 
5.1 Introduction 
 The production of a mechanically robust SPU requires control over silica particle location 
and interaction with the SPU matrix. When blended SPU-silica particle composites were 
evaluated it was determined that the silica particles were located within both the HS-rich domains 
and SS-rich domains. If silica particle is located within SPUs SS-rich domains a reduction in 
strain-at-break is likely, due to a reduction in the amorphous SS Gaussian coils ability to elongate 
fully under tension. Separate works by Pinnavaia and McKinley have shown that when an 
intercalated nanoclay is sequestered solely within the HS-rich domains of an SPU, the composite 
displayed an increase in modulus with little to no decrease in strain-at-break.13, 54 
  Silica nanoparticles were chosen as the filler over nanoclays as they did not require 
additional costs and steps involved in incorporating them within the SPU matrix.6, 13 Silica 
nanoparticles were selected over micrometer-sized silica particles as the small diameter of the 
silica nanoparticles (12 nm to 20 nm, depending on measuring technique) were the same order of 
magnitude as the HS and SS domains of an SPU; 2 nm to 5 nm for HS domains and 10 nm to  
15 nm for SS domains. In addition, the small particle size translates to a large amount of 
interaction between the silica nanoparticle surface and the SPU matrix. In order to increase 
control over the silica nanoparticle location within the SPU matrix silica nanoparticles were 
added during the synthesis of the SPU. 
 Work by Lee, et al. demonstrated an SPU system in which the NCO was allowed to react 
with the surface of silica nanoparticles by adding 16 nm diameter silica nanoparticles during SPU 
synthesis.69 Covalent bonding between the silica nanoparticle and the SPU matrix was assumed. 
Mechanical properties of the composites displayed a strain-at-break over 2000 % when 1.0 wt% 
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silica nanoparticles concentration was added to the SPU synthesis. The increase in strain-at-break 
decreased with increasing filler concentration. It was suggested that silica nanoparticle might act 
as a chain extender and that silica nanoparticle agglomeration was the cause of fading 
enhancements at higher concentrations. A structure-properties relationship between SPU matrix 
and silica nanoparticle addition was not described.69   
 We hypothesize that addition of silica nanoparticles during the synthesis of an SPU will 
cause the silica nanoparticles to be relegated to the HS-rich domains. It was found that addition of  
0.1 wt% and 0.5 wt% silica nanoparticles during SPU synthesis formed in situ SPU-silica 
nanoparticle composites with strain-at-break values of >2000 %; much greater than a pristine 
SPU with similar composition, strain-at-break ~200 %. At a critical particle concentration,  
1.0 wt%, this enhancement in strain-at-break saw a drastic decrease. Morphological studies were 
performed on the in situ SPU-silica nanoparticles composites and compared to earlier findings for 
the blended SPU-unmodified silica nanoparticle composites in order to deduce the origin of 
strain-at-break enhancement.  
5.2 Synthesis of Pristine Poly(tetramethylene glycol)-based Segmented Polyurethane-Silicon 
Dioxide Nanoparticle Composites 
 A hydroxyl terminated PTMG possessing a MW of 2000 g/mol comprised the SS. PTMG 
was degassed at 55 °C overnight prior to synthesis. HDI and BDO, HS components, were vacuum 
distilled immediately prior to use to remove ambient water and other contaminants. DMAc and 
DBTL were used as-received. Nissan Chemicals silica nanoparticles were suspended in DMAc at 
a concentration of ~20 wt%. Silica nanoparticles had a density of 2.3 g/cm3 and were used as-
received.  
 All SPU samples were synthesized using the 2-step polyaddition polymerization process 
using DBTL as a catalyst to facilitate the reaction of the aliphatic diisocyanates.19, 30, 99 PU HS 
concentration was calculated through the industrial feed method, described in Chapter 2.  
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 During the synthesis of pristine PTMG-based SPU the NCO to OH ratio was kept at a 
stoichiometric 1 : 1 value in order to increase MW and minimize side reactions. The silica 
nanoparticle surface possesses silanol functionality and adsorbed water. To account for the 
unknown additional OH groups from the silica nanoparticles an excess of NCO to OH was used. 
The NCO to OH ratio was changed to 1.1 : 1.0. The addition of excess NCO has been observed in 
literature as a means of cross-linking SPU via post synthesis curing to form allophonate bonds 
between HSs.135, 136 It is acknowledged that excess NCO may affect individual chain and matrix 
MW. It is assumed by the author that this effect is minimal compared to the amount of cross-
linking due to NCO attachment to the silica nanoparticle surface.  
 SPU prepolymer was synthesized as follows. Typically PTMG (20 g, 0.010 mol), DBTL 
(0.0075 g, 1.18 x 10-5 mol) and DMAc (65 mL) were added in a 500 mL three neck flask with a 
vacuum adapter, condenser, addition funnel and a magnetic stir bar. The reaction vessel was kept 
under a positive pressure of dried nitrogen to prevent the presence of water from entering the 
reactor. A large excess of HDI (4 g, 0.024 mol) in DMAc (10 mL) was added drop-wise into the 
reaction vessel over ~30 min. The reaction was carried out at 100 °C for 3 h.  
 High MW SPU composites were synthesized as follows. The reaction temperature was 
increased gradually from 100 °C to 120 °C. BDO (1 g, 0.011 mol) and DMAc (10 mL) were 
added concurrently to the prepolymer SPU drop-wise over ~30 min. In situ composites required 
the addition of silica nanoparticle suspensions with the BDO. The concentration of silica 
nanoparticles was calculated for the entire solids concentration of the composite in weight 
percent. Silica nanoparticles were added with no purification. The reaction vessel was kept under 
a positive pressure of dried nitrogen. Polymerization to high MWs was carried out overnight,  
~14 h. The polymer solution was collected and precipitated in de-ionized water. The precipitate 
was dried under vacuum at ~50 °C for at least one week.  
Chapter 5: The Effect of Controlled Particle Placement 107 
1H NMR(δ, ppm, DMSO-d6): δ (ppm)= 1.2 - 1.6 (CH2),  2.9 (CH2N), 3.9 (CH2CO),  7.0 (NH). IR 
(KBr): 3440 cm-1, 3320 cm-1 (NH stretch), 2940 cm-1 (asymmetric CH stretch), 2879 cm-1 
(symmetric CH stretch), 1723 cm-1, 1700 cm-1,1683 cm-1 (amide I), 1541 cm-1 (amide II),  












































Figure 5.1: Schematic representation of PTMG-based SPU-silica nanoparticle composite synthesis with 
unmodified silica nanoparticles added in situ. Silica nanoparticles are expected to be bound in the SPU 
matrix in the final product 
 
5.3 Composition of Pristine Poly(tetramethylene glycol)-based Segmented Polyurethane-
Silicon Dioxide Nanoparticle Composites 
 1H NMR was used to determine the structure of the PTMG-based SPU and composites 
backbone. The majority polymer structure of the SPU composites should be the same as the 
pristine SPU however, we believe that some of the HS should be covalently attached to silica 
nanoparticles. 20 wt% solids content was dissolved in DMSO-d6 and added to a 300 MHz NMR 
tube at a height of ~5 mm. A d1 time of 3 s was selected. No change in spectra was observed after 
80 scans. Figure 5.2 displays the NMR curves of pristine PTMG-based SPU and PUt25 UnXXi 
composites.  

















Figure 5.2: Chemical structure and 1H NMR spectra of pristine PUt25 and PUt25 UnXXi composites in 
DMSO-d6 with a d1 time of 3 s. * indicates solvent contamination 
 
The region of the spectra that is >7.2 ppm is where the biuret and allophonate protons are 
found. These groups are due to excess NCO reacting with the urea and urethane groups 
respectively. When present the peaks due to allophonate and biuret side reaction were not 
observed in significant amounts. Integration of these peaks produced values that were 
significantly less than the urethane secondary amine hydrogen at 7.2 ppm.104 No significant 
change in spectrum was observed upon addition of silica nanoparticles. This suggests that a 
majority of the SPU-silica nanoparticle composites’ polymer chains experience a local 
environment similar to that of the pristine SPU. Solvent contamination, marked in Figure 5.2 by 
*, was prevalent in many of the spectrum and was generally caused by the solvents used to clean 
the NMR tubes. 2 weak peaks attributed to chloroform and DMAc were observed ~8.32 ppm and 
~2.94 ppm respectively. A third strong peak at ~2.09 ppm is due to acetone contamination and in 
some cases was very strong.134 These peaks did not overlap any SPU peaks and therefore do not 
influence the reading of the NMR spectra. It was not possible to determine the value of HS 
concentration from NMR since the protons of the PTMG and BDO were at approximately the 
same positions.  
H2O 
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Figure 5.3: (a) Full transmission FTIR spectra of PUt UnXXi samples, cast on KBr pellets containing from 
0.1 wt% to 20 wt% silica nanoparticle. Characteristic peaks in amine, methylene, amide I and amide II 
region from SPU and in fingerprint region for Si-O-Si bond of the silica nanoparticle. (b) Enlarged amide I 
and II region  
  
 The structure of pristine PUt25 and PUt25 UnXXi composites may also be determined 
via FTIR analysis. In particular FTIR will indicate whether the PU reaction has completely 
reacted. Figure 5.3a displays the full transmission FTIR spectrum of pristine PUt25 and PUt25 
UnXXi composites. Identification of peaks attributed to the urethane secondary amine and 
urethane carbonyl as well as Si-O-Si peaks are all present. Peak identifications were listed in 
Chapter 4, Table 4.1. No NCO peaks were observed indicating that the samples had reacted 
completely. Figure 5.3b shows the amide I and amide II region of the PUt25 UnXXi composites.  
A GPC with a DMF column was calibrated using PEG/PEO standards. GPC curves of 
pristine PUt25 and PUt25 UnXXi composites are shown in Figure 5.4. The values for the PDI, 
Mn and Mw are listed in Table 5.1. These values were calculated by first subtracting a baseline 
from the raw data and then applying the data into Equations 2.1, 2.2 and 2.3 from Chapter 2 using 
Origin Software. 
b a 
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Figure 5.4: GPC curves of PUt25UnXXi composites 
determined using a DMF column and a PEG/PEO 
standard 
 
Table 5.1: MWs of PUt25 UnXXi composite 
samples determined by a GPC using a DMF 






PUt25 5314 5460 1.03 
PUt25 Un0.1i 34687 62442 1.80 
PUt25 Un0.5i 67200 109537 1.63 
PUt25 Un1.0i 13383 31211 2.33 
PUt25 Un5.0i 93930 136190 1.45 
 
GPC results indicated that most of the synthesized samples had a MW of ~30,000 g/mol or 
higher. Highly cross-linked sections of SPU were sometimes observed as a gel phase in solution 
with DMAc. This gel phase would be filtered out prior to GPC analysis and may skew data to 
lower MW. We observed that generally the MW of the samples increased with silica nanoparticle 
addition, indicating that there is chemical cross-linking at the silica nanoparticle. The PDI, 
defined in Chapter 2, should be 2.0 for an ideal step-growth synthesis and was calculated from the 
graphs in Figure 5.4. In general this was not observed with many samples displaying values <2.0. 
The MW of the pristine PUt25 sample displayed was low and had a very low PDI compared to 
the expected value of 2.0. It is believed that cross-linking during the synthesis of the SPU caused 
by allophonate and biuret were filtered out prior to insertion into the GPC column. Allophonate 
and biuret peaks were observed in 1H NMR for the pristine PUt25 sample. One explanation for 
the increase in side reactions compared to the PEG-based SPU samples from Chapter 3 is that 
significantly less solvent was added during synthesis, 75 wt% vs. 90 wt%. This leads to 
conditions that are closer to the one-pot method which has regions that would react faster than 
others leading towards vitrification of certain locations during the synthesis process of high MW 
SPUs. Every SPU-silica nanoparticles composite synthesis had a notably high viscosity prior to 
precipitation in de-ionized water. A few samples even required scraping from the reaction vessel 
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to remove and precipitate out into the de-ionized water. This clearly indicates conversion to high 
MWs.  
  
Figure 5.5: Powder XRD pattern for pristine PUt25 and PUt25 UnXXi composites showing the HDI-BDO 
crystal reflections  
  
 WAXD was performed using a Siemans D500 diffractometer with a CuKα source 
producing a wavelength of 1.54 Å. Samples were measured every 0.04 ° and held for 1.0 s at each 
step from 5 ° to 35 °. Figure 5.5 displays the powder diffraction patterns for pristine PUt25 and 
the PUt25 UnXXi composite samples containing 0.1 wt% to 5.0 wt% silica nanoparticles. 3 
reflections were observed between 19 ° and 26 °. These 3 peaks are from HDI-BDO triclinic 
crystals, described in Chapter 3. HDI-BDO crystals have d-spacings of 0.431 nm associated with 
the (100) plane, 0.400 nm from the (110) plane and 0.364 nm from the (111) plane.122 No 
reflections were observed for PTMG which was amorphous at room temperature. Upon in situ 
addition of silica nanoparticles into PUt25 a decrease in the peak intensity of the (110) plane is 
observed. This decrease in intensity was greater with increasing silica nanoparticle concentration.   
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5.4 Poly(tetramethylene glycol)-based Segmented Polyurethane and Composite Mechanical 
Properties 
 Films of the in situ SPU-silica nanoparticle composites were prepared from solution as 
described in Chapter 2. In situ SPU-silica nanoparticle composite films were flexible and 
transparent. They empirically displayed significant mechanical robustness compared to that of 
blended SPU-silica particle composite films containing equivalent silica nanoparticle 
concentrations.  
 
   
Figure 5.6: Tensile tests with 50 mm/min crosshead speed  (a) stress vs. strain curve of PUt25 in situ 




Chapter 5: The Effect of Controlled Particle Placement 113 
 
 Figure 5.6 shows the stress-strain curves of the PUt25 UnXXi composite samples 
elongated in a tensile tester with a crosshead speed of 50 mm/min. The shapes of the PUt25 
UnXXi composites’ stress-strain curves resemble that of an elastomer. Here the SS is the 
continuous phase held together by crystalline HS and covalently bonded silica nanoparticles. No 
yield point or strain hardening is observed. Compared to the pristine SPU stress-strain curve, 
when silica nanoparticles were added to the SPU matrix an increase in strain-at-break may be 
seen. A maximum strain-at-break is reached when silica nanoparticle concentration within the 
SPU matrix is 0.5 wt%. At 1.0 wt% and 5.0 wt% silica nanoparticles concentration strain-at-break 
decreases. It is believed that the enhancement in strain-at-break is a result of the SPU/silica 
nanoparticle cross-linking and the location of silica nanoparticle within the SPU matrix.  
Table 5.2: Summary of tensile properties of PUt25 UnXXi composites with a crosshead rate of 50 mm/min 
Sample Elastic Modulus (MPa) Tensile Strength (MPa) Strain-at-Break (%) 
PUt25 14.4 ± 4.1 5.3 ± 0.6 93.0 ± 56.6 
PUt25 Un0.1i 4.6 ± 0.3 7.0 ± 0.7 872 ± 185.3 
PUt25 Un0.5i 6.22 ± 1.4 18.8 ± 1.2 1859 ± 159.1 
PUt25 Un1.0i 5.6 ± 3.0 4.2 ± 1.8 306.5 ± 91.7 
PUt25 Un5.0i 7.3 ± 0.5 2.7 ± 0.2 165.5 ± 19.1 
 
5.5 Determining Silica Nanoparticle Location of in situ Poly(tetramethylene glycol)-based 
Segmented Polyurethane Composites 
  A rough determination of particle location may be provided by TGA analysis. 
Degradation of the components of SPUs occurs within different temperature ranges. Chapter 3 
showed that our HDI-BDO HS was the first component of our SPU to experience thermal 
degradation (at  
~300 °C). We expect that PTMG, the SS, will experience thermal degradation near  ~450 °C, 
where the PEG SS from Chapter 3 displayed its maximum weight loss. We expect that the silica 
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nanoparticles location within the SPU matrix may be identified by whether the temperature of 
thermal degradation of the HS or SS changes with silica nanoparticles concentration.  
 
Figure 5.7: TGA in air with a heating rate of 20°C/min of (a) PUt25 UnXXi and (b) PUt25 UnXXb 
samples 
 
Figure 5.7 shows the TGA scans of SPU-silica nanoparticle composites prepared by in 
situ addition of silica nanoparticles and blended addition of silica nanoparticles. An additional 
silica nanoparticles concentration of 20 wt% was prepared for the in situ based samples and the 
blended samples in efforts to compare with concentrations more typically used. 
Table 5.3: TGA analysis of PUt25 UnXXi and PUt25XXb in air with a heating rate of 20 °C/min  
Sample Tloss 5wt%  (°C) Tmax,2 (°C) Residue at T=800 °C (wt%) 
PUt25 211 454 - 
PUt25 Un0.1i 282 408 - 
PUt25 Un0.5i 325 403 0.25 
PUt25 Un1.0i 293 410 0.75 
PUt25 Un5.0i 339 458 4.50 
PUt25 Un20i 347 496 21.40 
PUt25 211 454 - 
PUt25 Un0.1b 237 471 - 
PUt25 Un0.5b 254 424 0.56 
PUt25 Un1.0b 240 474 0.88 
PUt25 Un5.0b 244 401 4.36 
PUt25 Un20b 264 478 19.67 
 
a b 
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In Table 5.3 when silica nanoparticles were added in situ to the SPU matrix we see that the 
onset of degradation of the HS, approximated by the 5 wt% loss, occur at much higher 
temperatures than the pristine SPU samples. Blended samples also saw an increase of the 
degradation of the HS but not to the same extent as the in situ samples. This phenomenon is 
explained by an increased interaction between silica nanoparticles and SPU matrix when 
covalently attached during in situ SPU-silica nanoparticle composites synthesis. Placement of 
silica nanoparticles primarily in the HS-rich domains can be explained as the cause of the 
increased HS stability with particle addition. The temperature of SS degradation is approximated 
by the T2,max.  No significant change was observed with silica nanoparticles addition for either the 
in situ or blended samples although a slight increase in temperatures were seen upon addition of 
silica nanoparticles. Due to the retarding of HS degradation it is unclear if the slight reduction in 
thermal degradation of the SS is due to the silica nanoparticles or the increased amount of sample 
present at elevated temperatures. It is thought that the TGA data suggests that the silica 
nanoparticles are more strongly relegated to HS-rich domains for the in situ vs. blended samples 
due to the significant increase in temperatures required to achieve thermal degradation of the HS 
for in situ SPU-silica nanoparticles composites.   
5.6 Hydrogen Bonding  
 FTIR may be used to identify the extent of hydrogen bonding within the urethane 
carbonyl. In a poly(ether-urethane) the urethane carbonyls within the bulk are only capable of 
hydrogen bonding to secondary amines within the urethane group. Intra-plane hydrogen bonding, 
within a chain folded HS crystal, gives rise to a large concentration of well-ordered hydrogen 
bonded carbonyls in which packing density is high and a limited freedom of motion is observed. 
The well-ordered hydrogen bonded carbonyl shows up as a peak at ~1683 cm-1 in FTIR.   
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Figure 5.8: Enlarged transmission FTIR spectrum of amide I and II region of (a) PUt25 and (b) PUt25 
Un0.5i melted and quenched in LN2 
 
 Even if HDI-BDO does not chain fold into a crystalline state it may be possible that a 
paracrystalline-like ordering exists in which chains stack near enough to one another to take part 
in disordered hydrogen bonding. Disordered hydrogen bonding is observed in FTIR at  
~1700 cm-1. Urethane carbonyls that do not take part in hydrogen bonding are considered 
unbound or free carbonyls and are observed at ~1720 cm-1.107 
 The extent of which HS crystallinity was responsible for the well-ordered hydrogen 
bonding in the SPU-silica nanoparticles composites was examined. Samples were melted at  
200 °C or 250 °C, in a Mettler Toledo hot stage, for 2 min before transferring and quenching into 
a large amount of liquid nitrogen (LN2) to "freeze" the morphology of the melted amorphous 
state. These sampled are compared in Figure 5.8 to samples which were melted at 200 °C prior to 
quenching to room temperature and transferring to an annealing temperature of 110 °C for 3 h. 
Samples were then quenched again to room temperature. Approximately 1 s to 5 s went by during 
the transferring process. FTIR of these samples are shown in Figure 5.8 and indicated that well-
ordered hydrogen bonding still existed in PUt25 and PUt25 Un0.5i despite the amorphous 
morphology given that 200 °C and 250 °C is well above the HS Tm. 2 transitions have been 
a b 
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shown to be related to phase separation in an SPU the first TMMT and TODT, standing for the melt-
mixing transition temperature and the order-disorder transition temperature.116, 137 For melt-
mixing this is the point where small poorly ordered domains and the edges of the well-ordered HS 
domain begin to diffuse into the SS domains. The order-disorder transition temperature may be 
significantly higher than melting temperature of the crystals and is the point where the order of a 
system disappears and it becomes fully homogenous. For PUt25 based samples, in which the low 
HS content means that even the well-ordered HS domains are small and not very uniform, it is 
clear that significant disorder was achieved at 200 °C by the decrease in well-ordered hydrogen 
bonded carbonyls from Figure 5.8a. The Tm of crystals for PUt25 are near 150 °C  and 180 °C 
and therefore the processing temperatures used on these samples were well above the HS crystal 
melting temperature. We can therefore assume that there is still a degree of phase separation of 
the HS domains contributing to the well-ordered hydrogen bonding despite the fact that the 
crystals are melted. Intra-planar well-ordered hydrogen bonding within a crystal does contribute 
to the well-ordered hydrogen bonding peak at 1683 cm-1, but are not the sole contributor to this 
peak. 
 Figure 5.9 show the FTIR spectra for PUt UnXXz composites from in situ and blended 
samples in the amide I and II region. The carbonyl region of the amide I band is the most 
important curve in the case of these samples as they can be used to determine the extent of 
hydrogen bonding as was described earlier. The amide II region does not change much from 
sample to sample even in the in situ samples with peak position and shape about the same 
regardless of composition of the composite. Peak intensity does decrease at high silica 
nanoparticle concentrations. 
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Figure 5.9: Enlarged transmission FTIR spectra for amide I and amide II regions of (a) PUt25 UnXXi and 
(b) PUt25 UnXXb 
  
 A cursory evaluation of the amide I band in which we see the different levels of hydrogen 
bonding carbonyls indicates a shift towards higher wavenumbers with increasing silica 
nanoparticle concentration. Of additional note worthiness is the difference between blended 
samples and in situ samples in hydrogen bonding. Silica nanoparticle addition does not seem to 
significantly affect the degree of hydrogen bonding in blended samples even for the PUt25 
UnXXb series of samples. Although a decrease in well-ordered hydrogen bound carbonyls does 
occur for this series the overall change compared to that of the in situ samples is not significant. 
Blended samples, which are the most common preparation technique for nanoparticle composites, 
do not influence the actual SPU structure in the way that addition of the silica nanoparticles 
during synthesis does.   
 To emulate the reinforcing effect of nanofillers on an SPU matrix which were observed 
by Pinnavaia and McKinley it was the desire of this research to place the silica nanoparticles 
within the HS only.6, 13 TGA and FTIR data hinted at the silica nanoparticles being present within 
the HS-rich domains.  
b a 
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Figure 5.10: DSC thermograms in a nitrogen atmosphere. 1st cooling of (a) PUt25 UnXXi and (b) PUt25 
UnXXb at a rate of 10 °C/min 
 
 Thermal transitions and the degree of crystallization of HS and SS was evaluated using 
DSC. Figure 5.10 show that for in situ based SPU-silica nanoparticles composites there is a slight 
change in SS Tm and Tc with increasing silica nanoparticles concentration. This change in Tm and 
Tc was not nearly as significant as the change in the HS peak position and degree of 
crystallization. Blended samples, however, had a shift in peak position for both the HS and SS 
with addition of silica nanoparticles. This is the first analysis which clearly indicates that in the 
blended samples silica nanoparticles are also present within the SS-rich domains, not only the 
HS-rich domains. In this case it is clear that silica nanoparticles in blended composites act as 
nucleation sites for SS and HS since the Tc of the SS increases with silica nanoparticle 
concentration. The Tc of the HS also increases with addition of silica nanoparticles suggesting 
that the silica nanoparticles aid in nucleation of the HS crystals as well. Percent crystallinity of 
the HS and SS is generally higher for the blended samples then the in situ SPU-silica nanoparticle 
composites.  
a b 
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Figure 5.11: DSC thermograms of PUt25 UnXXi in nitrogen with a heating rate of 10 °C/min (a) 2nd 
heating (b) 1st cooling 
 
Table 5.4: DSC analysis of PUt25 UnXXi via a sigmoid fit using Pyris software  
 
Figure 5.12 identifies the expected molecular scale morphologies of the in situ SPU-silica 
nanoparticles composites. In this model crystalline HS is represented by the chain folded black 
lines while amorphous SS is the orange dotted lines. Addition of silica nanoparticle when added 
in situ causes a number of HS to be covalently attached to the silica nanoparticles. These 
covalently attached chains exist in a rigid amorphous zone highlighted in red as well as a region 
of restricted chain motions. Upon further increase in silica nanoparticle content more of the HS is 
attached to the silica nanoparticle. Reduced HS motions are observed by a hindered ability to 
form crystals. 
Sample ΔHf (J/g) χc,SS (%) Tonset,m (°C) Tm (°C) Tc (°C) ΔHf (J/g) χc,HS (%) Tonset,m (°C) Tm (°C) Tc (°C)
PUt25 14.3 9.5 -13.92 6.03 -29.37 12.1 25.8 114.46 158.37 108.30
PUt25 Un0.1i 19.4 12.9 -10.64 8.70 -29.37 12.2 26.0 143.47 161.70 106.63
PUt25 Un0.5i 16.7 11.2 -15.24 5.53 -32.57 9.2 19.7 137.95 147.03 91.13
PUt25 Un1.0i 23.4 15.8 -5.13 16.53 -35.87 1.2 2.5 97.81 118.37 91.13
PUt25 Un5.0i 20.7 14.6 -4.48 17.87 -32.87 1.7 3.8 46.82 79.87 57.47
Soft Segment Hard Segment
a b 
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Figure 5.12: Schematic representation of local molecular morphology with in situ addition of silica 
nanoparticles. Black regions are the SPU HS, orange lines are the SPU SS, the blue circles represent silica 
nanoparticles and the red region around the silica particles represents a zone of restricted motion of the 
polymer chains near the silica nanoparticle 
 
 The 3-D periodic domain spacing and the degree of phase separation may be better 
deduced by performing SAXS of the PUt25 UnXXi samples, Figure 5.13. The theory behind 
SAXS and the method in which parameter are calculated were explained in Chapter 3. Initial 
SAXS observation gives the approximate size of periodic phase domains as a result of electron 
density fluctuations. SAXS may further be deconstructed to provide more detailed analysis of the 
system. The invariant was calculated and compared with the theoretical maximum degree of 
phase separation, calculated in Chapter 3, to determine the degree of phase separation which is 
shown in Table 5.5. The invariant, and the assumption of an ideal 2 phase system, becomes less 
precise with increasing silica nanoparticle concentration; observed by the degree of phase 
separation being >100% for PUt25 Un5.0i. At first observation it is clear that there is a significant 
degree of scattering due to the silica nanoparticles at 1.0 wt% and 5.0 wt%.  
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Figure 5.13: (a) SAXS and (b) USAXS graphs for PUt25 UnXX samples 
 
Table 5.5: SAXS and USAXS data analysis of PUt25 UnXXi 
Sample Degree of Phase Separation (%) d-spacing (nm) 
PUt25  46.32 15.2 
PUt25 Un0.1i  31.97 12.6 
PUt25 Un0.5i  33.07 15 
PUt25 Un1.0i  80.47 -- 
PUt25 Un5.0i  178.04 -- 
PUt25  32.82 17.8 
PUt25 Un0.1i  34.25 22.7 
PUt25 Un0.5i  32.99 20.2 
PUt25 Un0.1b 35.68 16.2 
PUt25 Un0.5b 40.31 16.4 
  
 It was demonstrated that DMA may give a good indication of phase separation by 
observing the SPU SS Tg. When HS is mixed into the SS the Tg increases as glassy or crystalline 
HS restricts motion of SS chains. Tg of HS in literature is variable with the Polymer Handbook 
showing the lowest Tg of HS at approximately room temperature.85 The HS Tg of  MDI-BDO was 
shown to be ~108 °C but has been indicated as possessing Tg of up to 120 °C. Data generally 
indicated that Tg of HS is between ~80 °C and ~120 °C so it was assumed that for HDI-BDO 
which is much more flexible than HDI-BDO that Tg would be below 110 °C which, is why 
a b 
Chapter 5: The Effect of Controlled Particle Placement 123 
annealing usually took place at this temperature. 120 °C was not used since some of the PUt25 
UnXXi samples had small crystallites that melted in this range and therefore to prevent the 
melting of HS during annealing 110 °C was used. 
 SS Tg will increase when HS or silica nanoparticles are present within the SS domains. 
Generally a degree of phase separation was shown to be roughly predicted by looking at the 
relative Tg of the samples' SS. Tg values were determined for samples by peak position of the loss 
modulus as it was clearer than the tan δ peak commonly used for determination of Tg for SPUs as 
seen in Figure 5.14. Tan δ was not optimal for determination of Tg due to the rather broad peaks. 
As silica nanoparticle concentration increased to 1.0 wt% and 5.0 wt% the Tg decreases.  
 
Figure 5.14: DMA scans of PUt25 UnXXi from in a nitrogen atmosphere from  -150 °C to 150 °C at a 
heating rate of 3 °C/min and 1 Hz (a) storage modulus (b) loss modulus (c) tan δ 
c 
a b 
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Table 5.6: Storage modulus of PUt25 UnXXi over a range of temperatures  
 Storage Modulus (MPa) 
Sample Tg (°C) -150 (°C) -50 (°C) 0 (°C) 25 (°C) 100 (°C) 
PUt25 -77 1310 360 39.7 11.2 - 
PUt25 Un0.1i -77 3160 482 69.4 18.4 6.05 
PUt25 Un0.5i -76 739 157 28.9 17.3 5.78 
PUt25 Un1.0i -80 28.6 2.5 - - - 
PUt25 Un5.0i -82 1890 255 49.1 11.3 - 
  
5.7 Morphology of PTMG-based SPU Composites  
 Morphology of the in situ SPU-silica nanoparticles composites was studied using optical 
microscopy, SEM and TEM. Figure 5.15 shows optical microscope images of melt pressed in situ 
samples and blended samples (PUt25 UnXXi and PUt25 UnXXb). In situ SPU-silica 
nanoparticles composites on the left side of Figure 5.15(a through e) display the disappearance of 
the spherulite morphology with increasing silica nanoparticle concentration. The right side of 
Figure 5.15(f through j) displays that the PUt25 UnXXb series of PNCs maintains a clear 
superstructure even at 5.0 wt% silica nanoparticles concentration. The spherulite structure has 
been previously identified as being caused by the HS crystallization, Chapter 3.  
 TEM images were taken of the unmodified particles added in situ during the synthesis of  
25 wt% HS series PTMG-based SPUs. Samples were ultra-cryo-microtomed to ~70 nm and were 
unstained. Samples were cut from the solution cast films made for mechanical testing. No further 
processing of the samples was performed. Figure 5.16 shows that with increasing silica 
nanoparticle concentration we observe an increase in the number of particles within the image. At 
1.0 wt%, 5.0 wt% and 20 wt% silica nanoparticles concentrations an interconnectivity and 
aggregation of the silica nanoparticles is observed. TEM of 0.5 wt% silica nanoparticles shows a 
small number of clustering particles which was not observed for the other samples. 
 The clusters in the PUt25 Un0.5i sample do not make up the majority of the system and 
are <100 nm in size. The spacing between silica particles and clusters additionally are sub-
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micrometer lengths from each other with a spacing of ~200 nm. The size of the clusters were too 
small to be observed by SAXS. It is assumed that small scale particle clustering is not occurring 
to an extent that it negatively effects the properties of the PUt25 Un0.5i composite.   
 SEM morphologies in Figure 5.17 show how the surface morphology of the samples 
when annealed is diminished with increasing particle concentration further collaborating with 
DSC data that crystals of HS are minimized by addition of increasing silica nanoparticle 
concentrations. Spherulite morphologies are clearly observed in these images. 
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Figure 5.15: (a) Phase contrast microscopy of PUt25, (f) polarized light microscopy of PUt25,  phase 
contrast microscopy of (b) PUt25 Un0.1i, (g) PUt25 Un0.1b, (c) PUt25 Un0.5i, (h) PUt25 Un0.5b, (d) 
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Figure 5.16: Unstained TEM of cryo-ultramicrotomed (a) PUt25 Un0.1i, (b) PUt25 Un0.5i, (c) PUt25 
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Figure 5.17: SEM analysis of surface for annealed (a) PUt25, (b) PUt25 Un0.1i, (c) PUt25 Un0.5i, (d) 
PUt25 Un1.0i and (e) PUt25 Un5.0i 
5.8 Discussions 
 PTMG-based SPUs were synthesized containing silica nanoparticles that were attached to 
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Figure 5.18: Schematic representation of  molecular level SPU chain behavior of in situ SPU-silica 
nanoparticles composites upon load. Inset of the stress-strain curve of PUt25 UnXXi composites. Green 
curves represent covalently bonded HS to silica nanoparticles 
  
If we assume that there is no silica nanoparticle agglomeration a rough calculation of the inter-
particle spacing may be acquired via the model of simple packing of a cube with 12 nm diameter 
silica nanoparticles. The density of the SPU and silica nanoparticles are 1.1 g/cm3 and 2.3 g/cm3, 
respectively. At 0.1 wt% silica nanoparticles concentration we should have ~100 nm between 
particles and 62 nm inter-particle spacing for 0.5 wt% silica nanoparticles concentration. At  
1.0 wt% silica nanoparticles concentration we should have ~44 nm inter-particle spacing and at 
5.0 wt% silica nanoparticles concentration this decreases to ~22 nm. At 1.0 wt% and 5.0 wt% this 
inter-particle spacing would suggest that in between 2 silica nanoparticles nearly 100% of the 
matrix is affected by the presence of the silica nanoparticles due to hindered motions in the Rg.7 
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This is in agreement with the observed decrease in strain-at-break at 1.0 wt% silica nanoparticles 
concentration.  
 At first, SS act as Gaussian coils and the HS are distributed throughout the matrix as a 
reinforcing agent. Upon a tensile load local plastic deformation around the silica nanoparticle is 
first increased, then re-aligning of the silica nanoparticles and HS followed by their flow through 
the SPU matrix, which increases toughness due to an increase in plastic deformation. Above a 
certain silica nanoparticle threshold, of ~1.0 wt%, we see a drop in toughness as the HS and 
particle are cross-linked to such an extent that the flow of these regions within the matrix is 
minimized. The plastically deformed composites dissipate energy which delays crack formation 
and allows them to be extended to such high values.138 
5.9 Conclusions 
 In this chapter we showed how the design of an in situ SPU-silica nanoparticle composite 
leads to highly deformable composites. Through the use of DSC, TGA and FTIR we were able to 
determine that the silica nanoparticles are primarily located within the HS-rich domains. Further 
analysis of morphology by SAXS and microscopy aids in explaining how the morphology of the 
SPU-silica nanoparticle composites becomes less crystalline with increasing silica nanoparticles. 
A molecular representation of SPU-silica nanoparticle composites under load was provided 
suggesting an origin of the observed structure-properties relationship. Increased cross-linking of 
the silica nanoparticle and HS at 1.0 wt% and 5.0 wt% led to a reduced mobility within the matrix 
which prevented plastic deformation and explained an abrupt decrease in strain-at-break past a 
particular silica nanoparticle concentration. Chapter 6 will explore how changing the HS content 
effects the structure-properties relationships for in situ SPU-silica nanoparticles composites 




CHAPTER 6: SEGMENTED POLYURETHANE-SILICON DIOXIDE NANOPARTICLE 
COMPOSITES: THE EFFECT HARD SEGMENT CONCENTRATION 
  
6.1 Introduction  
 In Chapter 3 it became evident that the HS concentration played a critical role in the 
morphology of the PEG-based SPU. It was observed that PUeX50 samples displayed brittle 
behavior regardless of PEG MW. In Chapter 5 it was evident that covalent-attachment of silica 
nanoparticles to the HS-rich domains of a PTMG-based SPU resulted in extraordinarily high 
strain-at-break compared to that of pristine SPU. The strain-at-break enhancement was only 
observed for silica nanoparticle concentrations ≤1.0 wt%  and was not observed in the case of 
blended SPU-silica particle composites, Chapter 4, due to a lack of cross-linking between silica 
particle and HS in blends. It was also suggested that a lack of control over silica particle location 
in blended composites led to silica particle placement within the SS domain which resulted in 
brittle samples. It is necessary to study the effect of HS concentration on the mechanical 
properties of the in situ SPU-silica nanoparticle composites in order to better understand the 
system. 
 Pristine SPU and in situ SPU-silica nanoparticle composites were prepared with 35 wt% 
and 45 wt% HS. We will demonstrate that increasing HS content within the SPU-silica 
nanoparticle composites results in the decreasing effect of the silica nanoparticle on the SPU 
matrix crystallinity and mechanical properties observed in Chapter 5. This suggests that with 
increasing concentration of HS less HS-rich domains are able to take part in plastic deformation 
reinforcement; a phenomenon known to be a result of increasing interconnectivity of HS domains 
throughout the SPU matrix.  
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6.2 Synthesis of Pristine Poly(tetramethylene glycol)-based Segmented Polyurethane and 
Silicon Dioxide Nanoparticle Composites with Various Hard Segment Content 
 SPU composites were synthesized with a SS made of hydroxyl terminated PTMG 
possessing a MW of 2000 g/mol. The PTMG was degassed at 55 °C overnight prior to synthesis. 
HDI and BDO were vacuum distilled immediately prior to use to remove ambient water and other 
contaminants. DMAc and DBTL were used as-received. Silica nanoparticles, with a density of 
2.3 g/cm3, were used as-received suspended in DMAc at a concentration of ~20 wt%. The 
nanoparticles were acquired from Nissan Chemicals and were produced in a proprietary wet 
method. 
 All SPU samples were synthesized using the 2-step polyaddition polymerization process 
using DBTL as a catalyst to facilitate the reaction of the aliphatic diisocyanates.19, 30, 99 The SPU 
HS concentration was calculated through the industrial feed method, described in Chapter 2, for 
35 wt% and 45 wt% pristine and composite samples.  
 During the synthesis of pristine PTMG-based SPU the NCO to OH ratio was kept at a 
stoichiometric 1 : 1 value in order to increase MW and minimize side reactions. With the addition 
of silica nanoparticles the silanol surface functionality adds to the total number of OH groups in 
the system. To account for the unknown functionality of the silica nanoparticles an excess of 
NCO to OH was used. The ratio of NCO to OH was changed to 1.1 : 1.0. The addition of excess 
NCO has been observed in literature as a method of cross-linking PU via post synthesis curing by 
forming allophonate bonds.135, 136 We acknowledge that the addition of excess NCO may affect 
the MW of SPU and introduce allophonate chemistries.   
 The SPU prepolymer was synthesized as follows. Typically PTMG (20 g, 0.010 mol), 
DBTL (0.0075 g, 1.18 x 10-5 mol) and DMAc (65 mL) were added in a 500 mL three neck flask 
with a vacuum adapter, condenser, addition funnel and containing a magnetic stir bar. The 
reaction vessel was kept under a positive pressure of dried nitrogen to prevent the presence of 
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water from entering the reactor. A large excess of HDI (4 g, 0.024 mol) in DMAc (10 mL) was 
added drop-wise into the reaction vessel over ~30 min. The reaction was carried out at 100 °C for 
3 h.  
 High MW SPU composites were synthesized as follows. The reaction temperature was 
increased gradually from 100 °C to 120 °C. BDO (1 g, 0.011 mol) and DMAc (10 mL) were 
added concurrently to the prepolymer SPU drop-wise over ~30 min. In situ SPU-silica 
nanoparticles composites required the addition of silica nanoparticle suspensions with the BDO. 
The concentration of silica nanoparticles was calculated for the entire solids concentration of the 
composite in weight percent. Silica nanoparticles were added with no purification. The reaction 
vessel was kept under a positive pressure of dried nitrogen. Polymerization to high MWs was 
carried out overnight, ~14 h. The polymer solution was collected and precipitated in de-ionized 
water. The precipitate was dried under vacuum at ~50 °C for at least one week.  
 1H NMR(δ, ppm, DMSO-d6): δ (ppm)= 1.2 - 1.6 (CH2),  2.9 (CH2N), 3.9 (CH2CO),   
7.0 (NH). IR (KBr): 3440 cm-1, 3320 cm-1 (NH stretch), 2940 cm-1 (asymmetric CH stretch),  
2879 cm-1 (symmetric CH stretch), 1723 cm-1, 1700 cm-1,1683 cm-1 (amide I), 1541 cm-1 (amide 












































Figure 6.1: Schematic representation of PTMG-based SPU-silica nanoparticle composite synthesis with 
unmodified silica nanoparticles added in situ. Unmodified silica nanoparticles are expected to be covalently 
bonded to the SPU matrix in the final product 
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6.3 Composition of Pristine Poly(tetramethylene glycol)-based Segmented Polyurethane and 

















Figure 6.2: NMR of composites of PTMG-based SPU and silica nanoparticles (a) PUt35 UnXXi and (b) 
PUt45 XXi 
 
There are no changes in the overall 1H NMR spectra of SPU-silica nanoparticles composites 
with increasing HS concentration. The spectra did not change with silica nanoparticles 
concentration indicating that the bulk of SPU is composed of primarily linear chains. Possible 
allophonate and biuret formations was observed at values higher than 7.2 ppm, although not in 
substantial amounts. Some contamination due to solvents used for NMR tube cleaning was 
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present, identified by a *. It was not possible to determine HS concentration due to the similarity 
in the environment for protons on the BDO segment and the PTMG chains.  
  
Figure 6.3: XRD of (a) PUt35 UnXXi and (b) PUt45 UnXXi composites. Increasing HS concentration 
shows stronger diffraction with the same filler concentration  
 
XRD, seen in Figure 6.3, indicates that crystallinity is maintained with increasing HS 
concentrations. The (110) plane, and (111) plane show increased intensity with higher HS 
concentrations. These peaks are surppressed with increasing silica nanoparticle addition as was 
seen for PUt25 in situ composites. All peaks were associated with HDI-BDO crystals. PUt45 
UnXXi composites display crystallinity even at 1.0 wt% and 5.0 wt% silica nanoparticle 
concentrations. 
6.4 Mechanical Properties of Poly(tetramethylene glycol)-based Segmented Polyurethane 
and Silicon Dioxide Nanoparticle Composites with Various Hard Segment Content  
Tensile tests were performed on the SPU-silica nanoparticle composite films, which were 
fashioned as described in Chapter 2. The PUt35 UnXXi composite samples empirically displayed 
a great deal of mechanical robustness. The PUt45 UnXXi composite samples were empirically 
more brittle than the PUt35 UnXXi composite samples. Tensile samples were cut from areas in 
the film that were transparent. Opaque regions of the SPU-silica nanoparticles composite films 
a b 
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were associated with highly crystalline regions. This observation was based on the dendrite-like 
superstructure that could be clearly identified from the transparent regions surrounding them.   
  
Figure 6.4: Tensile properties of PUt35 UnXXi and PUt45 UnXXi silica nanoparticle composites showing 
(a) elastic modulus  and (b) strain-at-break vs. particle concentration 
 
From Figure 6.4 it is seen that the trend in tensile mechanical properties of PUt35 UnXXi 
composites are similar to that of PUt25 UnXXi composites discussed in Chapter 5. Upon the in 
situ addition of silica nanoparticles into the SPU matrix the elastic modulus of the SPU-silica 
nanoparticle composites decreases while the strain-at-break increases. The decreased elastic 
modulus remains lower than that of pristine PUt35 throughout all silica nanoparticle 
concentrations. Strain-at-break of the PUt35 UnXXi composites increase with increasing silica 
nanoparticle concentration until reaching a critical concentration. The maximum strain-at-break 
for PUt35 UnXXi composites is for a silica nanoparticle concentration of 1.0 wt%. 
Comparatively, the PUt25 UnXXi composites, from Chapter 5, displayed a maximum strain-at-
break at 0.5 wt% silica nanoparticles. The enhacement  in strain-at-break for PUt35 UnXXi 
composites disappears at 5.0 wt% silica nanoparticle concentration, also an increase over that of 
PUt25 UnXXi composites.  
 
a b 
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Table 6.1: Summary of tensiles properties of PUt35 UnXXi  and PUt45 UnXXi composites with a 
crosshead rate of 50 mm/min 
Sample Elastic Modulus (MPa) Tensile Strength (MPa) Strain-at-Break (%) 
PUt35 16.0 ± 9.2 6.5 ± 0.1 349.0 ± 93.3 
PUt35 Un0.1i 8.9 ± 4.2 6.7 ± 4.3 473.7 ±347.1 
PUt35 Un0.5i 6.6 ± 0.2 15.1 ± 1.9 2062 ± 136.9 
PUt35 Un1.0i 10.6 ± 0.1 19.8 ± 0.3 2450 ± 30.4 
PUt35 Un5.0i 6.4 ± 1.7 3.3 ± 0.4 173 ± 112.2 
PUt45 19.3 ± 0.5 11.6 ± 0.4 667 ± 404.4 
PUt45 Un0.1i 7.0 ± 3.0 2.2 ± 1.0 143 ± 109.7 
PUt45 Un0.5i 7.2 ± 3.2 3.0 ± 1.6 141 ± 46.5 
PUt45 Un1.0i 13.5 ± 0.1 6.3 ± 1.3 283 ± 207.2 
PUt45 Un5.0i 18.1 ± 0.1 7.1 ± 0.1 116 ± 2.8 
 
An increase in strain-at-break is not observed for the PUt45 UnXXi composites over the entire 
range of silica nanoparticle concentrations. Interestingly, while the elastic modulus does decrease 
initially for both PUt35 UnXXi and PUt45 UnXXi composites after the incorporation of silica 
nanoparticles, the PUt45 UnXXi composites appear to display an increase again in elastic 
modulus for silica nanoparticle concentrations ≥1.0 wt%. 
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6.5 Silica Nanoparticle Location and Effect on Morphology in a Poly(tetramethylene 
glycol)-based Segmented Polyurethane and Silicon Dioxide Nanoparticle Composites with 
Various Hard Segment Content 
 Particle location may be estimated from the TGA of the composite samples, Figure 6.5. 
Addition of silica nanoparticles increased the thermal stability of the HS. 
 
Figure 6.5: TGA scans of PTMG-based SPUs in air with a heating rate of 20 °C/min. (a) PUt35 UnXXi 
and (b) PUt45 UnXXi 
 
It is observed in the PUt35 UnXXi composites, Figure 6.5a, that a more significant effect on the 
onset of thermal degradation of the HS is achieved over the range of silica nanoparticles 
concentration than was observed in the PUt45 UnXXi composites over the same range of filler 
concentrations, Figure 6.5b. The onset of HS thermal degradation, approximated by the loss of  
5 wt% of the SPU-silica nanoparticles composite total weight, predicts that the silica 
nanoparticles are primarily in the HS as was discussed in Chapter 5. The decrease in the effect of 
silica nanoparticles stabilization on thermal degradation of the HS with increasing HS may be 
explained due to the decreased interaction of the silica nanoparticles with the HS-rich domain as 
HS concentration is increased. The higher the HS concentration the less HS comes in contact with 
the surface of the silica nanoparticles. This is quantitatively established in Table 6.2.  
 
a b 
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Table 6.2: TGA analysis of PUt35 and PUt45 UnXXi in air with a heating rate of 20 °C/min 
Sample Tloss 5wt%  (°C) Tmax,2 (°C) Residue at T=800 °C (wt%) 
PUt35 226 457 - 
PUt35 Un0.1i 268 460 - 
PUt35 Un0.5i 292 478 - 
PUt35 Un1.0i 285 480 0.66 
PUt35 Un5.0i 290 476 4.59 
PUt45 295 445 - 
PUt45 Un0.1i 294 509 - 
PUt45 Un0.5i 306 484 0.12 
PUt45 Un1.0i 315 464 0.68 
PUt45 Un5.0i 335 430 4.80 
 
A slight tendency for the onset of SS thermal degradation to be higher in the SPU-silica 
nanoparticles composites compared with the pristine SPU was observed. This behavior may be 
due to some silica nanoparticles being present within the SS, however, the more thermally stable 
HS may act to hinder degradation of the SS since less material in the composites will have been 
degraded and removed than the pristine SPU.  
 
Figure 6.6: Enlarged transmission FTIR spectra for amide I and II region of (a) PUt35 UnXXi and (b) 
PUt45 UnXXi composites 
 
b a 
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 FTIR may be used to identify the interaction of the HS-rich domains with the silica 
nanoparticles via analysis of the amide I region which contains the peaks associated with 
hydrogen bonded and free carbonyl groups from the urethane bond. Figure 6.6 shows the amide I 
and amide II region of the FTIR spectra of PUt35 UnXXi and PUt45 UnXXi composites. It is 
clear that as HS concentration increases the ratio of well-ordered hydrogen bonded carbonyls to 
free carbonyls increases. 
 
 
Figure 6.7: DSC thermograms at 10 °C/min under nitrogen of (a) PUt35 UnXXi and (b) PUt45 UnXXi  
 
Table 6.3: DSC analysis of PUt35 unXXi and PUt45 unXXi via sigmoid fitting of peaks using Pyris 
software 
 Soft Segment  Hard Segment 



















PUt35 13.2 10.1 -17.65 -1.97 -33.03  17.8 27.1 139.88 155.03 120.97 
PUt35 Un0.1i 10.9 8.4 -17.33 1.03 -31.37  23.9 36.4 153.53 166.53 118.30 
PUt35 Un0.5i 13.1 10.1 -15.54 2.03 -32.37  13.5 20.6 116.64 151.87 99.30 
PUt35 Un1.0i 12.5 9.7 -21.25 -2.30 -45.70  3.4 5.3 89.82 123.37 97.63 
PUt35 Un5.0i 9.2 7.5 -10.03 9.20 -36.87  0.8 1.2 93.31 124.70 95.47 
PUt45 5.5 5.0 -27.13 -11.97 -41.37  24.2 28.6 146.97 157.53 115.63 
PUt45 Un0.1i 12.7 11.5 -16.04 2.20 -31.20  28.8 34.1 157.10 174.20 133.47 
PUt45 Un0.5i 9.3 8.5 -15.19 1.03 -32.20  37.7 44.7 154.67 173.37 131.80 
PUt45 Un1.0i 6.4 5.9 -16.14 0.53 -34.70  30.4 36.3 137.46 157.53 119.30 
PUt45 Un5.0i 6.5 6.2 -14.27 6.03 -40.20  26.4 32.8 121.68 141.37 111.30 
a b 
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 Analysis of thermograms of the in situ samples, in Figure 6.7 and Table 6.3, indicates 
that most of the silica nanoparticles are present only in the HS-rich domains. This is seen by the 
large variations in HS peak position and percent crystallinity with increasing silica nanoparticle 
concentration. As HS content increases the extent of crystal formation suppression, due to the 
interaction between the silica nanoparticles and SPU HS, is minimized. In the case of PUt45 at 
0.1 wt% and 0.5 wt% silica nanoparticle concentration, a large amount of HS is not covalently 
attached to the silica nanoparticle and is therefore able to more easily form crystals, as indicated 
by a decrease in Tc and an increase in crystallinity. If there is enough HS-rich domain around the 
silica nanoparticle, nucleation of crystal formation may be possible and is a competing factor with 
the suppression of the HS chains attached locally at the silica nanoparticle surface.    
 
Figure 6.8: USAXS diagrams for PUt35 UnXXi samples 
 
The HS of PUt35 SPU has been shown to be better able to form well defined phase separated 
structures by means of FTIR and DSC when compared with the PUt25 SPU of Chapter 5. The  
log I vs. log q plot of USAXS data, Figure 6.8, for PUt35 UnXXi composites containing 0.1 wt% 
and 0.5 wt% silica nanoparticles show that peak position and curve shape does not change 
significantly with such low silica nanoparticle concentrations. This is in agreement with the 
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expected morphology of PUt35 UnXXi composites. Calculating the overall periodic 3-D structure 
of the SPU-silica nanoparticle composites confirms the similarity between the domain sizes, 
Table 6.4.  
Table 6.4: USAXS analysis for PUt35 UnXXi sample 
Sample Degree of Phase Separation (%) d-spacing (nm) 
PUt35  40.68 20.5 
PUt35 Un0.1i 43.68 20.3 
PUt35 Un0.5i  31.24 20.7 
 
 
Figure 6.9: Schematic representation of morphology changes due to silica nanoparticle addition and 
increasing HS content 
  
 Figure 6.9 indicates what is believed to be occurring on the molecular level upon addition 
of silica nanoparticles to a PTMG-based SPU matrix with increasing HS concentration. As in 
Chapter 5, addition of silica nanoparticles in situ to PTMG-based SPUs with 35 wt% and 45 wt% 
HS decreased the ability for the HS to crystallize. This is due to hindered motions of the HS 
chains that occur when covalently bonded to the rigid silica nanoparticles. This resulted in a 
decrease in crystallinity with increasing silica nanoparticle concentration. With an increase in HS-
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rich domain, an increase in the amount of HS that is not covalently bound to the silica 
nanoparticles is achieved. This results in less of the HS-rich domain "feeling" the effect of the 
addition of the silica nanoparticles. Since the HS is able to more easily crystallize as HS content 
is increased we observe less of an effect of addition of silica nanoparticles as the HS content is 
increased.  
6.6 Conclusions 
 We may summarize our findings for the increase of HS concentration in in situ SPU-
silica nanoparticle composites by noting that with the addition of silica nanoparticles there is a 
decrease in the motions of the HS that is covalently attached to the silica nanoparticles. With 
increasing HS content, the effects on the matrix caused by the silica nanoparticles presence is 
reduced. PUt35 UnXXi composite data indicates that this HS concentration may be the most 
optimal of HS concentrations for SPU composites as seen by the overall increase in properties 
with addition of silica nanoparticles without the large decrease in HS crystal formation that was 
the case for PUt25 UnXXi composite samples. PUt45 UnXXi composites displayed the least 
effect upon the addition of silica nanoparticle on morphology and properties due to the decreased 
ratio of HS bound to silica nanoparticles to bulk HS. Chapter 7 will explore how changing the 
silica nanoparticle interaction within the SPU composites affects the morphology and properties 





CHAPTER 7: SEGMENTED POLYURETHANE-SILICON DIOXIDE NANOPARTICLE 
COMPOSITES: THE EFFECT OF PARTICLE FUNCTIONALITY 
 
7.1 Introduction 
 In Chapters 5 and 6 the matrix/filler reactivity and interaction between NCO and silica 
nanoparticle was expected to be the same as for NCO and OH functional molecules, since OH 
and Si-OH reactivity with NCO are similar. The Si-OH or OH functional groups react with NCO 
to form a urethane bond. In order to investigate the effect of changing the matrix/filler reactivity 
and interaction it would be necessary to change the type of covalent bond between silica 
nanoparticle and SPU matrix. A change in silica surface functionality from Si-OH to a different 
reactive species provides the foundation for this exploration.  
 We performed modification of the surface functionality of the silica nanoparticles so that 
they contain primary amine functional species. The primary amine when reacted with NCO forms 
a urea bond as opposed to the urethane bond. In addition, primary amines have greater reactivity 
with NCO, increasing the kinetics of NCO reaction with silica nanoparticles.  
 We will demonstrate that when amine modified silica nanoparticles were added to a 
PUt25 matrix in situ an increase in mechanical robustness and segment crystallinity occurred. We 
substantiate these new trends to be related to 3 phenomena: 1) increased strength between filler 
and matrix, 2) decreased number of functional groups on the nanoparticle surface, an artifact of 
the modification process, and 3) increased reactivity of silica nanoparticle with NCO during 
synthesis, shifting silica nanoparticle location from solely within the HS-rich domains to likely at 
the interface between HS and SS-rich domains.  
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7.2 Materials 
7.2.1 Pristine Segmented Polyurethane Components 
 SPU composites synthesized were composed of hydroxyl terminated PTMG of 2000 
g/mol, HDI, BDO, DMAc and DBTL; all purchased from Aldrich. PTMG was degassed at 55 °C 























































Figure 7.1: Schematic representation of SPU- silica nanoparticle composite synthesis with amine modified 
silica nanoparticles added in situ. Silica nanoparticles are expected to be covalently bound in the SPU 
matrix in the product 
 
 All SPU samples were synthesized using the 2-step polyaddition polymerization process 
using DBTL as a catalyst to facilitate the reaction of the aliphatic diisocyanates.19, 30, 99 PU HS 
concentration was calculated through the industrial feed method described in Chapter 2.  
 During the synthesis of pristine PTMG-based SPU the NCO to OH ratio was kept at a 
stoichiometric 1 : 1 value in order to increase MW and minimize side reactions. The silica 
nanoparticle surface possesses amine functionality and adsorbed water. To account for the 
unknown additional active hydrogen species from the silica nanoparticles an excess of NCO to 
OH was used. The NCO to OH ratio was changed to 1.1 : 1.0. The addition of excess NCO has 
been observed in literature as a means of cross-linking SPU via post synthesis curing to form 
allophonate bonds between HSs.135, 136 It is acknowledged that excess NCO may affect individual 
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chain and matrix MW. It is assumed by the author that this effect is minimal compared to the 
amount of cross-linking due to NCO attachment to the silica nanoparticle surface.  
 SPU prepolymer was synthesized as follows. Typically PTMG (20 g, 0.010 mol), DBTL 
(0.0075 g, 1.18 x 10-5 mol) and DMAc (65 mL) were added in a 500 mL three neck flask with a 
vacuum adapter, condenser, addition funnel and a magnetic stir bar. The reaction vessel was kept 
under a positive pressure of dried nitrogen to prevent the presence of water from entering the 
reactor. A large excess of HDI (4 g, 0.024 mol) in DMAc (10 mL) was added drop-wise into the 
reaction vessel over ~30 min. The reaction was carried out at 100 °C for 3 h.  
 High MW SPU composites were synthesized as follows. The reaction temperature was 
increased gradually from 100 °C to 120 °C. BDO (1 g, 0.011 mol) and DMAc (10 mL) were 
added concurrently to the prepolymer SPU drop-wise over ~30 min. In situ composites required 
the addition of amine modified silica nanoparticle suspensions with the BDO. The concentration 
of silica nanoparticles was calculated for the entire solids concentration of the composite in 
weight percent. The reaction vessel was kept under a positive pressure of dried nitrogen. 
Polymerization to high MWs was carried out overnight, ~14 h. The polymer solution was 
collected and precipitated in de-ionized water. The precipitate was dried under vacuum at ~50 °C 
for at least one week.  
1H NMR(δ, ppm, DMSO-d6): δ (ppm)= 1.2-1.6 (CH2),  2.9 (CH2N), 3.9 (CH2CO),  7.0 (NH). IR 
(KBr): 3440 cm-1, 3320 cm-1 (NH stretch), 2940 cm-1 (asymmetric CH stretch), 2879 cm-1 
(symmetric CH stretch), 1723 cm-1, 1700 cm-1,1683 cm-1 (amide I), 1541 cm-1 (amide II),  
1100 cm-1, 820 cm-1, 480 cm-1 (Si-O-Si).  
7.2.2 Amine Surface Functionalization of Silicon Dioxide Nanoparticles 
 Silica nanoparticles suspended in isopropanol (~30 wt% silica nanoparticles) were 
acquired from Nissan Chemicals and have a density of 2.3 g/cm3. Ethanol and γ-amino propyl 
triethoxysilane were purchased from Sigma Aldrich. Using the hydrolysis/condensation reaction 
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of silanol bonds, modification of the surface of the silica nanoparticles was performed, Figure 7.2. 
Average silica nanoparticle size was quoted as being ~12 nm by the company and TEM has 
indicated that actual particle size is closer to ~17 nm. Through the hydrolysis reaction the ethoxy 
chains from the amine functional alkoxysilane ligands will be disassociated from the silicon atom 
to form Si-OH4. In addition the silanol surface groups on the surface of the silica nanoparticles 
will also cleave, allowing for the addition of silicon oxide to be placed onto the surface of the 
silica network. Condensation creates a solid silica network. This is an equilibrium reaction. The 
surface area of an individual silica nanoparticle was calculated and used to calculate the molar 
concentration of ligand required to cover all the silica nanoparticles. A 3-fold excess of ligand 
was used. The solvent for the reaction was ethanol and made up 90 wt% of the reaction. The 
reaction was stirred using a magnetic stir bar and placed in a reaction vessel with a condenser. A 
small amount of de-ionized water was added to catalyze the reaction. The reaction was heated 
from room temperature to 80 °C and allowed to react for ~12 h. The final suspension had a 
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Figure 7.2: Schematic representation of silica nanoparticle modification with amine functional groups by 
hydrolysis/condensation reaction 
  
 The product was centrifuged at 2000 rotations per min for 10 min. This speed was chosen 
to prevent aggregation of amine modified silica nanoparticles while still allowing for separation 
of the denser particles from unreacted excess ligand in solution. The supernatant was removed 
and fresh ethanol was added to resuspend the precipitant. This washing process was performed at 
least 3 times. Solvent exchange was performed by adding DMAc and evaporating the ethanol at 
50 °C. The final product was stored in a dessicator. 
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 Success of silica nanoparticle modification was observed initially due to altered solubility 
of the silica nanoparticles within ethanol after the hydrolysis/condensation reaction. Silica 
nanoparticles that had amine functionality were slightly less soluble in ethanol and suspensions of 
amine modified silica nanoparticles in ethanol took on a yellowish hue, a characteristic trait of 
amines. After multiple (at least 3) washings in ethanol, amine modified silica nanoparticles were 
solvent cast onto KBr pellets for FTIR analysis. 
   
Figure 7.3: FTIR spectra of amine  modified and unmodified silica nanoparticles (a) OH and NH region 
(b) C=O and fingerprint region 
 
FTIR indicates a change in the region of the OH and primary amine bands in FTIR  
(2600 cm-1 to 3600 cm-1). We observe that a conversion has been seen from a broad OH peak to a 
narrow and intense primary amine peak at ~3440 cm-1. Figure 7.3 displays the presence of 2 
strong peaks at ~1100 cm-1 and ~480 cm-1, characteristic for the silica nanoparticles. Between 
2800 cm-1 and 3000 cm-1 peaks are observed which are attributed to methylene chains from the 
propyl amine side chain. A relatively narrow peak, compared to the OH peaks from unmodified 
silica nanoparticles arises at ~3440 cm-1 in the amine modified silica nanoparticles suggesting that 
amine functional groups are present in large amounts on the surface of the silica nanoparticle. 
a b 
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7.3 Results and Discussion 
Preliminary tensile tests performed on the PUt25 AnXXi composites indicated that the onset 
of high strain-at-break occurs at lower silica nanoparticle concentrations than were originally 
explored for the unmodified particles (increase in strain-at-break for PUt25 UnXXi composites 
was between 0.5 wt% and 1.0 wt%).  
 
Figure 7.4: Tensile properties of PUt25 UnXXi and PUtAnXXi for 50 mm/min (a) elastic modulus, (b) 
strain-at-break vs. silica nanoparticle concentration 
 
At 25 wt% HS the amine modified particle composites showed marked strain-at-break 
enhancement at 0.1 wt%. This increase in strain-at-break remained high over nearly the entire 
range of silica nanoparticle concentrations. A slight, but not catastrophic, decrease in strain-at-
break was observed at 5.0 wt% amine modified silica nanoparticle concentrations. Initial 
explanation for this increased mechanical property behavior over in situ PTMG-SPU unmodified 
silica nanoparticle composites may be due to enhanced load transfer from SPU matrix to silica 
nanoparticle as a result of the urea bond. 2 additional silica nanoparticle concentrations were 
evaluated to observe the possible onset of strain-at-break enhancement for the amine modified 
silica nanoparticle composites. These 2 samples contained 0.01 wt% and 0.05 wt% amine 
modified silica nanoparticles.  
a b 
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7.3.1 Composition and Morphology of Amine Modified In Situ Silica Nanoparticle 
Polyurethane Composites 
 FTIR analysis of solution cast PUt25 AnXXi samples were performed on KBr pellets. 
The amide I and II regions were evaluated in an attempt to further elucidate the structure of the 
SPU composites.  
 
Figure 7.5: Enlarged transmission FTIR spectra of PUt25 AnXXi composites for the amide I and amide II 
region, solution cast on KBr 
 
In Figure 7.5 there does not appear to be a change in the ratio between "free" carbonyls and well-
ordered hydrogen bonded carbonyls which suggests that a substantial amount of HS is not 
affected by the presence of the amine modified silica nanoparticles. This is contrary to the effect 
of unmodified silica nanoparticles addition on composites observed in Chapters 5 and 6.  
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Figure 7.6: DSC thermograms in nitrogen atmosphere of PUt25 AnXXi with a heating rate of 10 °C/min 
(a) 2nd heating (b) 1st cooling 
  
 DSC thermograms in Figure 7.6 indicate the difference behind the amine modified silica 
nanoparticle composites vs. the unmodified silica nanoparticle composites. Unlike in Chapter 5, 
silica nanoparticle addition did not completely suppress HS crystallinity, even at 5.0 wt% 
concentration. When amine modified silica nanoparticle concentration became >0.5 wt% a 
depression in SS Tc was observed. A main feature of the unmodified silica nanoparticles in the in 
situ SPU composite samples was that the unmodified silica nanoparticles were relegated to the 
HS-rich domains and no clear trend in SS Tc was observed at any silica nanoparticle 
concentration, regardless of HS concentration. Amine functionalized silica nanoparticles were not 
only within the SS-rich domains, as seen by the downward shift in Tc, but must be covalently 
attached to the SS chains in order to suppress the Tc. It must be that the SS is covalently attached 
to the amine modified silica nanoparticles because the Tc is depressed, not enhanced as was the 
case in the blended composites of Chapter 4. The attached PTMG chains display a hindered 
mobility by being anchored to the rigid amine modified silica nanoparticles and so a depression in 
Tc is observed. End-capped PTMG from step 1 of the SPU synthesis is generally decreased in end 
functional reactivity as a result of the ends being partly blocked by the oligomer in a concentrated 
solution. The increased reactivity of the amine appears to aid in overcoming this barrier. This 
a b 
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means that the amine modified silica nanoparticle is neither selectively placed within the HS nor 
the SS-rich domains. Special note should be drawn to the SPU-silica nanoparticle composites that 
have 0.01 wt% and 0.05 wt% amine modified silica nanoparticle concentrations. SS and HS peak 
positions do not change significantly indicating that while particles are present they are at such a 
low value that the morphology of the system maintains the overall structure of pristine PUt25. 
Table 7.1: DSC analysis of PUt25 AnXXi composites via sigmoid fitting of peaks using Pyris software 
 Soft Segment  Hard Segment 



















PUt25 14.26 9.50 -13.92 6.03 -29.37  12.13 25.82 114.46 158.37 108.30 
PUt25 An0.01i 5.95 4.00 -10.72 12.20 -31.03  7.78 16.60 122.97 148.53 116.63 
PUt25 An0.05i 7.62 5.10 -8.49 14.37 -30.70  8.92 19.00 136.66 148.03 115.63 
PUt25 An0.1i 5.90 3.94 -9.04 10.20 -22.20  2.13 4.54 145.41 161.03 97.13 
PUt25 An0.5i 6.28 4.21 -31.93 -8.80 -47.70  5.70 12.18 94.12 131.53 82.80 
PUt25 An1.0i 10.84 7.30 -31.83 -10.13 -46.53  5.54 11.90 106.76 130.20 80.13 
PUt25 An5.0i 9.72 6.82 -39.97 -5.97 -45.37  4.77 10.68 129.76 138.37 93.63 
 
 Table 7.1 indicates that overall crystallinity of the HS and SS after amine modified silica 
nanoparticle addition appears to fluctuate but does not change in a manner that follow any trends. 
Addition of the amine modified silica nanoparticles hinders the motion of the SPU chains 
attached to them.  
7.3.2 Morphology and Mechanical Properties of Amine Modified In Situ Silica Nanoparticle 
Polyurethane Composites 
SAXS was performed in order to evaluate the degree of phase separation and domain spacing 
of the SPU composites. 
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Figure 7.7: SAXS patterns of PTMG-based SPU composites containing an amine modified silica 
nanoparticle fillers 
 
SAXS patterns are useful in determining the structure of the SPU-silica nanoparticle composites. 
The trends seen in the SPU-unmodified silica nanoparticle composites are also observed for the 
SPU-amine modified silica nanoparticle composites. A knee observed in the log I vs. log q plot 
was related to 3-D periodic electron density differences typical of a phase separated structure. 
This knee is greatly broadened at 1.0 wt% and 5.0 wt% amine modified silica nanoparticle 
concentration due to increased influence of silica nanoparticle scattering. Addition of high 
concentrations of amine modified silica nanoparticle is also seen by the upturn at low q values.   
Table 7.2: SAXS analysis of PUt25 AnXXi composites  
Sample Degree of Phase Separation (%) d-spacing (nm) 
PUt25  46.32 15.2 
PUt25 An0.1i  40.38 13.4 
PUt25 An0.5i  40.20 12.8 
PUt25 An1.0i  35.10 13.4 
PUt25 An5.0i  57.40 15.7 
 
 As was the case for SPU composites with unmodified silica nanoparticles, Chapter 4, we 
see a trend toward decreasing phase separation with addition of amine modified silica 
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nanoparticles. At 1.0 % and 5.0 wt% amine modified silica nanoparticle concentrations the degree 
of phase separation changed dramatically and is expected to be the result of the invariant being 
significantly affected by silica nanoparticles at low q. In addition, the d-spacings for the periodic 
domains decreases with initial addition of amine modified silica nanoparticles but tended to 
increase at 1.0 wt% and 5.0 wt% silica nanoparticle.  
   
Figure 7.8: Mechanical properties from tensile tests of PTMG-based SPU composites with amine modified 
silica nanoparticle 
 
 The mechanical properties of the SPU-amine modified silica nanoparticle composites 
containing 0.01 wt%  and 0.05 wt% amine modified silica nanoparticles are shown in Figure 7.8. 
The 0.01 wt% and 0.05 wt% amine modified silica particle composites show an enhancement in 
strain-at-break. Surprisingly, the elastic modulus was near that of the pristine PUt25 for these 
ultra-low concentration SPU-amine modified silica nanoparticle composites. Further analysis of 
this data along with the DSC data would suggest that addition of amine modified silica 
nanoparticles at such a small amount still allows for the increase in plastic deformation due to 
flow of cross-linked HS and silica nanoparticles without a significant disruption of HS 
crystallinity. Since the HS crystals are unperturbed the overall structure of the SPU composite 
a b 
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maintains intact and the elastic modulus seen in the pristine samples when under tensile loads 
remains. 
Table 7.3: Summary of tensile properties of PUt25 AnXXi composites with a crosshead rate of 50 mm/min 
Sample Elastic Modulus (MPa) Tensile Strength (MPa) Strain-at-Break (%) 
PUt25 14.4 ± 4.1 5.3 ± 0.6 93.0 ± 56.6 
PUt25 An0.01i 14.6 ± 2.7 16.9 ± 1.2 2142 ± 79.5 
PUt25 An0.05i 17.6 ± 2.0 11.18 ± 1.1 1914 ± 312.5 
PUt25 An0.1i 3.7 ± 1.6 7.0 ± 0.7 1834 ± 443.9 
PUt25 An0.5i 6.9 ± 1.5 16.6 ± 0.3 1881 ± 48.6 
PUt25 An1.0i 7.1 ± 0.3 17.1 ± 0.9 2088 ± 86.6 
PUt25 An5.0i 5.8 ±1.7 10.6 ± 0.6 1115 ± 66.3 
 
 As seen in Table 7.3, SPU-amine modified silica nanoparticle composites not only had a 
significant increase in mechanical properties over pristine PUt25 but also had them over a greater 
range of silica nanoparticle concentrations than the SPU-unmodified silica nanoparticle 
composites. A schematic representation of what is believed to be occurring on the molecular level 
is shown in Figure 7.9. 
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Figure 7.9: Schematic representation of amine modified silica nanoparticle/SPU composites. Addition of  
in situ on the molecular scale before a load is applied and after a large degree of plastic deformation. Green 
represents NCO covalently bound to silica nanoparticle, purple represents SS covalently bound to silica 
nanoparticles, blue represents crystal of HS, and red represents amorphous SS 
     
 In the case of SPU-amine modified silica nanoparticle composites 2 factors maintain the 
HS crystalline network to a greater extent than in the SPU-unmodified silica nanoparticle 
composites. Amine modification of the silica nanoparticles decreases the number of functional 
groups on the surface to a third of the original silanol functionalities (based on chemistry of 3 
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surface silanol for each amine). Also a substantial increase in reactivity between NCO and 
primary amine leaves the opportunity for NCO end-capped PTMG to bond to the silica 
nanoparticles creating silica nanoparticles that are primarily in the HS-rich domains at low 
concentrations, but which are more likely at the interface of the HS and SS as silica nanoparticle 
concentration increases; observed by the decrease in Tc of the SS.  
 At first, SS act as Gaussian coils and the HS are distributed throughout the matrix as 
physical reinforcing agents. Upon a tensile load local plastic deformation around the silica 
nanoparticles is first increased, then occurs re-aligning of the particles and covalently attached 
chains so that the cross-linked regions flow more easily through the SPU matrix. Plastically 
deformed composites dissipate energy which delays crack formation and allows them to be 
extended to high values over their original length.138 
 Interestingly, even at 0.01 wt% amine modified silica nanoparticle concentration 
significant strain-at-break is acquired. The strain-at-break continues to increase with increasing 
silica nanoparticle concentrations till it reaches a maximum at 1.0 wt% amine modified silica 
nanoparticle. The most astounding result was that at concentrations <0.1 wt% the SPU-amine 
modified silica nanoparticle composites retained the elastic modulus equal to that of pristine 
PUt25. The result is a composite that has a nearly 100-fold increase in strain-at-break with no loss 
in modulus, a result of the well maintained HS superstructures.  
7.4 Conclusions  
 Amine functional groups were added to the silica nanoparticles and placed within an SPU 
composite via in situ synthesis. Like the unmodified silica nanoparticles in Chapter 5 the 
composites of the amine modified silica nanoparticles and SPU matrix showed a dramatic 
increase in strain-at-break at low silica nanoparticle concentrations. The values were 
extraordinary at all concentrations of silica nanoparticles. DSC and FTIR indicated that the HS 
crystallinity was not completely suppressed even at 5.0 wt% amine modified silica nanoparticle 
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concentration. HS superstructures were well maintained with addition of 0.01 wt% and 0.05 wt% 
amine modified silica nanoparticle. Silica nanoparticles were more likely to be found at the 
interface between HS and SS-rich domains than unmodified silica nanoparticle composites, 
observed by the decrease in SS Tc at >0.5 wt% amine modified silica nanoparticle concentrations. 
The placement nearer the HS/SS interface resulted in a greater reinforcing effect than when 
relegated solely in HS-rich domains. Chapter 8 will explore how changing the silica particle size 
affects the properties of an SPU-silica particle composite.  
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CHAPTER 8: SEGMENTED POLYURETHANE-SILICON DIOXIDE BASED FILLER 
COMPOSITES: THE EFFECT OF FILLER SIZE 
 
8.1 Introduction 
 In order to better establish the effect of the matrix/particle interface on SPU composite 
structure and properties it was necessary to alter the size of the silica filler. 2 additional sizes of 
silica filler were selected. The silica fillers changed from nanometer-sized particles, used in 
Chapters 4 through 7, to ångström- and micrometer-sized. Changing the filler size alters the 
ability of a polymer molecule to "wrap" around it. Polymer chains should barely notice an 
ångström-sized POSS cage. Alternatively, a significant degree of volume is occupied by a 
micrometer-sized particle. Chains near such a large particle have restricted motions and a 
decrease in statistical entropy, since the number of possible states the chain can achieve is 
reduced by the particle's presence.  
 The statistical or conformational entropy of a single polymer chain, S, is related to Ω, the 
number of states it may occupy, by ~3n, where n is the degree of polymerization by  
Equation 8.1.32  S = klnΩ Equation 8.1 
Here, k is the Boltzmann constant. Placement of the silica particles into the polymer matrix 
reduces the ability of an individual chain to move into a particular state (decreasing Ω) therefore, 
reducing the entropy of the system. We modify the entropic term by altering the size of the filler 
to be anywhere from <1 nm in the case of POSS molecules to ~1 μm. 
 In addition, the POSS molecules allow us to investigate whether the increase in plastic 
deformation of the SPU silica nanoparticle composites, observed in Chapters 4 through 7, is due 
solely to the placement of the silica fillers into the HS-rich domains or if the silica nanoparticles 
Chapter 8: The Effect of Filler Size 160 
cross-linking with the HS-rich domains is what plays a role in the extraordinary increased strain-
at-break. Stoichiometric unity of OH : NCO for the POSS molecules within the SPU system also 
minimizes any extraneous factors attributed to the excess of NCO that was observed in the case of 
SPU-silica particle filler composites. 
8.2 Materials 
8.2.1 Microcrystalline Silicon Dioxide Particles 
Silica micrometer-sized particles were purchased from Sigma-Aldrich. The overall content of 
the particles were a mixture of amorphous silica and quartz with sizes that fell between 100 nm 
and 300 nm and up to ~1.0 μm. A concentrated suspension composed of 25 wt% silica 
micrometer-sized particles and DMAc was prepared. The suspension was sonicated in a Branson 
bath sonicator for 90 min before storing in a dessicator. The suspension had a sand-like color.   
8.2.2 Polyhedral Oligomeric Silsesquioxane 
 Table 8.1 shows the structure of the 2 POSS molecules used in this research. POSS is the 
smallest possible cage-like silica nanofiller. The POSS molecule is ~1.5 nm along the molecular 
axis, making it a truly 0-D additive. The term silsesquioxane denotes the structure of 1 silicon 
atom bound to 1.5 oxygen atoms and 1 R group.139 POSS has an eight sided cage-like structure in 
which any/all of the eight corners can possess a given functionality. POSS has been incorporated 
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Table 8.1: Representation of POSS molecules covalently added as fillers to the SPU matrix. Di-hydroxyl 
functionality added to SPU as a chain extender and octa-hydroxyl functionality added to SPU as a cross-
linker 












8.3 Synthesis of Poly(tetramethylene glycol)-based Segmented Polyurethane and Silicon 
Dioxide Based Filler Composites  
 SPU samples were synthesized using the 2-step prepolymer polyaddition polymerization 
process. DBTL was used as a catalyst to facilitate the reaction of the aliphatic diisocyanates with 
reduced probability of side reactions.19, 30, 99 Composite synthesis along the scheme proposed in 
Chapter 5. Deviations from the protocol were based on the silica filler used. Figure 8.1 shows the 
schematic representation of the synthesis process. The fillers were added at different steps of the 
synthesis process. For SPU-micrometer-sized particle composites addition of an excess of NCO 
to OH was used. The ratio of NCO to OH was 1.1 : 1.0. All the HDI was added during the 
prepolymer step and the particle addition was added during the chain extension step. 


















































Figure 8.1: Schematic representation of SPU-silica filler composite synthesis. Silica fillers are either POSS 
molecules or μm-sized silica particles. Silica filler is expected to be covalently bound within the SPU 
matrix of the final product 
 
For SPU-POSS molecule composites the number of reactive functional groups is known. This 
certainty in the number of hydroxyl groups within a given concentration of filler allowed for the 
use of an NCO : OH ratio of 1 : 1. This ratio was also used for pristine SPU synthesis. The POSS 
molecules were added during the prepolymer step to ensure that all hydroxyl functionalities were 
"capped" with HDI prior to chain extension. 
8.4 Poly(tetramethylene glycol)-based Segmented Polyurethane Composites Containing 
Micrometer-sized Silica Particles 
 It was expected that the larger size of the micrometer-sized silica particles should lead to 
composite properties that differed from composites containing silica nanoparticles. Polymer 
chains will experience greater restricted motions around the larger silica particles due to a 
decrease in the number of conformational states near the particles. Tensile tests were performed 
on films that were cut into dog bone shapes. Much of the micrometer-sized composites displayed 
reduced processability and careful selection of an area for tensile testing was necessary. These 
selected areas displayed mechanical properties similar to those of the silica nanoparticle 
composites discussed in Chapters 5 through 7. Figure 8.2 shows the tensile data recorded for the 
silica micrometer-particle samples.  
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Figure 8.2: Tensile properties of SPU-μm-sized particle composites with a crosshead rate of 50 mm/min. 
(a) elastic modulus and (b) strain-at-break vs. particle concentration 
 
The trend in mechanical properties shows an increase in strain-at-break and a disruption in the 
elastic modulus with addition of micrometer-sized silcia particles. At 1.0 wt% and 5.0 wt% 
micrometer-sized silica particle concentrations the strain-at-break results were unclear, despite at 
least 5 samples averaged for the data, which may be a result of the decreased processability 
observed in film preparation. Table 8.2 shows the values of the tensile data including the tensile 
strength of the composites. 
 
Table 8.2: Summary of tensile properties of SPU-μm-sized particle composites with a crosshead rate of 50 
mm/min.  
Sample Elastic Modulus (MPa) Tensile Strength (MPa) Strain-at-Break (%) 
PUt25 14.4 ± 4.1 5.3 ± 0.6 93.0 ± 56.6 
PUt25 m0.1i 5.4 ± 2.4 25.1 ± 11.1 1853 ± 461.5 
PUt25 m0.5i 5.9 ± 0.7 14.6 ± 1.1 1722 ± 24.0 
PUt25 m1.0i 6.3 ± 2.2 3.0 ± 1.2 89.7 ± 68.9 
PUt25 m5.0i 6.4 ± 1.8 15.0 ± 3.1 1693.5 ± 469.4 
  
 Figure 8.3 displays the transmission FTIR analysis of SPU-micrometer-sized silica 
particle composites drop cast on KBr pellets. All data was normalized by their symetric 
methylene peak.    
a b 
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Figure 8.3: Transmission FTIR spectra of amide I and II regions of SPU-μm-sized silica particle 
composites drop cast on KBr pellets 
 
Generally it was not found that the micrometer-sized silica particles significantly interfere with 
the degree of well-ordered hydrogen bonding as observed by the relatively strong peak at  
1683 cm-1 over the majority of composite samples. It is assumed that the large sizes of 
micrometer-sized particles, ~100 nm to 1000 nm, prevent them from solely being placed within 
the HS-rich domains, which are typically 2 nm to 5 nm in size.  Deviations from this trend could 
be a results of many factors including particle aggregation. 
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Figure 8.4: DSC thermograms at a rate of 10 °C/min of (a) 2nd heating of μm-sized silica based PUt25 
composites (b) 1st cooling of μm-sized silica based PUt25 composites 
 
Figure 8.4 shows the DSC thermograms of the SPU-micrometer-sized silica particle 
composites. HS and SS peaks do not follow a trend when compared with the silica nanoparticle 
composites of Chapters 4 through 7. As was observed from the FTIR analysis, the large size of 
the micrometer-sized silica particles prevent them from being placed in one particular domain. 
DSC analysis, Table 8.3, indicates that there is covalent bonding of the NCO to the surface 
silanol group of the micrometer-sized silica particles, as seen by the general decrease in Tc and 
crystallinity of the HS.  
Table 8.3: DSC analysis of SPU-μm-sized silica particle composites acquired via sigmoid fitting of peaks 
using Pyris software 
 Soft Segment  Hard Segment 



















PUt25 14.26 9.50 -13.92 6.03 -29.37  12.13 25.82 114.46 158.37 108.30 
PUt25 m0.1i 12.64 8.44 -10.45 9.53 -23.87  7.10 15.12 139.16 154.03 80.30 
PUt25 m0.5i 9.85 6.60 -24.52 0.53 -31.53  9.30 19.88 136.43 140.53 89.63 
PUt25 m1.0i 20.88 14.06 -2.59 18.03 -27.03  10.78 23.17 131.90 139.70 114.97 
PUt25 m5.0i 11.90 8.35 -15.94 0.53 -30.53  11.69 26.19 118.38 140.53 89.13 
a b 
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 SAXS analysis was performed on the SPU-micrometer-sized silica particle composites to 
elucidate the effect of the micrometer-sized particles on composite phase behavior and 
morphology. In Figure 8.5 peak positions from the knee were much broader than in previous 
samples which made it impossible to find the periodicity. At low q a significant upwards turn in 
the slope was observed over all particle concentrations. This upwards shift is most likely due to 
scattering from the large micrometer-sized silica particles and adds a significant contribution to 
the invariant. 
 
Figure 8.5: SAXS data for in situ addition of μm-sized particles within PUt25 at varying concentrations 
   
 It is possible to propose a molecular model to describe the structure-property relationship 
observed in SPU-micrometer-sized silica particle composites. Assuming that there is no particle 
agglomeration, a rough calculation of the inter-particle spacing is made using the simple packing 
of a cube with 1.0 μm diameter silica particles. The density of the SPU and silica particles are  
1.1 g/cm3 and 2.3 g/cm3, respectively. At 0.1 wt% micrometer-sized silica particle concentrations 
there is an ~9100 nm distance between particles. At 0.5 wt% micrometer-sized silica particle 
concentration there is a 5200 nm inter-particle spacing. At 1.0 wt% micrometer-sized silica 
particle concentrations there is an ~3700 nm inter-particle spacing and at ~5.0 wt% micrometer-
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sized silica particle concentration there is an ~1900 nm inter-particle spacing. These values for 
inter-particle spacing are much greater than those observed for the silica nanoparticles in Chapter 
5. They also indicate that there is a significant degree of spacing between micrometer-sized silica 
particles; much greater than the small microphase separated domain sized observed in SPUs. 
Periodic domain sizes calculated from SAXS of samples from Chapters 5 through 7 were ~20 nm.  
 
Figure 8.6: Schematic representation of SPU matrix within the inter-particle spacing of μm-sized silica 
particles. Green represents covalently bonded NCO to silanol, blue represents crystalline HS, and red 
represents amorphous SS 
  
The size of the inter-particle spacing makes clear why there is still HS melting and increased 
strain-at-break even at higher micrometer-sized silica particle concentrations. Figure 8.6 aids in 
understanding the scale of the spacing on the molecular level for an SPU composite. SPUs have 
domain sizes on the order of 2 nm to 5 nm, for the HS, and 10 nm to 15 nm, for the SS. It is clear 
that there is ample space between silica particles that are unaffected by the micrometer-sized 
silica particle addition. As was observed in Chapter 6, increased SPU unaffected by addition of 
the silica particle filler is observed by properties closer to that of pristine SPU. This was observed 
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in the SPU-micrometer-sized silica composites by increased bulk polymer properties in DSC and 
FTIR data. Despite the great inter-particle spacing, the cross-linking of the micrometer-sized 
silica particles by HDI allowed the composites to function in much the same was as previous 
molecular level schemes proposed in Chapter 5 through 7. As a load is applied in tensions the 
SPU chains align and drag the micrometer-sized silica particles through the amorphous SS. This 
motion of HS domains and micrometer-sized silica particle through the SPU matrix dissipates 
energy and allows for increased plastic deformation. 
8.5 Poly(tetramethylene glycol)-based Segmented Polyurethane-POSS Particle Composites 
 Molecular-sized POSS molecules will not behave as a filler but rather like a chemical 
unit within the SPU matrix. The functionality of the POSS molecule is controllable. We are able 
to test whether the silica particle addition within the HS-rich domains is solely responsible for the 
increased plastic deformation or if it is also a function of the covalent attachment of the HS to the 
silica particles that creates the enhancement in strain-at-break. The FTIR of the POSS 
composites, Figure 8.7, interestingly showed a greater tendency to have higher intensity of free 
carbonyl than well-ordered hydrogen bonded carbonyl peaks.  
 
Figure 8.7: FTIR spectra of (a) di-functional POSS and (b) octa-functional POSS composites with PUt25 
  
a b 
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It was assumed that POSS molecules would not influence the degree of hydrogen bonding due to 
their molecular-size. However, it appeared that the POSS molecules in the HS-rich domains 
reduced the close proximities required for well-ordered hydrogen bonding. This effect may be 
due to the size of the pendent silsesquioxane of the di-funtional POSS samples or to restricted 
motions of SPU chains cross-linked by octa-functional POSS molecules.    
 
  
Figure 8.8: XRD powder diffraction patters of (a) di-functional POSS and (b) octa-functional POSS 
composites with PUt25 
  
 XRD in Figure 8.8 demonstrated a general tendency for the HS to be weakly crystalline 
in the di-POSS and octa-POSS composites. The presence of a peak at 2θ = ~8.6 ° was 
unexpected. This peak is related to the (110) plane for POSS crystals.141 The presence of this peak 
indicates that enough phase separation was occurring for PUt25 di5.0 that crystalline domains of 
POSS molecules were able to form. The presence of the POSS crystal peak is associated with a 
disruption in HS crystallinity. Di-POSS particles are clearly in the HS as they are chemically 
similar to the diol BDO chain extender. At high enough concentration the presence of the bulky 
silsesquioxane cage prevents the HS from forming well-ordered chain folded crystals. The (110) 
crystal plane was not observed for octa-functional POSS molecule composites. However, 
a b 
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octaPOSS composites also display a decrease in HS crystallinity with increasing POSS 
concentration. The octa-POSS molecules act as a cross-linking site providing the opportunity for 
up to 8 attachment points. These cross-linking points seem to have a greater affect on HS 
crystallinity, as well as providing a buffer between POSS molecules aggregating together, than 
did the di-functional di-POSS molecules. 
 
Figure 8.9: DSC thermograms in a nitrogen atmosphere heated at a rate of 10 °C/min. (a) 1st cooling of di-
functional POSS based PUt25 composites (b) 1st cooling of octa-functional POSS based PUt25 composites 
  
 DSC thermograms of both di-functional and octa-functional POSS composites show 
similar trends, Figure 8.9. For both composites there is a decrease in HS peak intensity with 
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Table 8.4: DSC analysis of octa-functional and di-functional POSS based PUt25 composites acquired via 
sigmoid fitting of peaks using Pyris software 
  Soft Segment  Hard Segment 



















PUt25 14.26 9.50 -13.92 6.03 -29.37  12.13 25.82 114.46 158.37 108.30 
PUt25 di0.1 16.37 10.93 4.01 23.03 -16.70  6.91 14.71 140.14 146.03 122.80 
PUt25 di0.5 24.81 16.62 -6.14 14.70 -31.03  7.25 15.50 124.30 134.53 112.47 
PUt25 di1.0 28.74 19.35 -9.42 12.53 -33.70  8.37 17.98 107.85 136.20 105.80 
PUt25 di5.0 21.43 15.04 7.17 28.53 -29.87  0.96 2.16 92.49 119.20 87.13 
PUt25 14.26 9.50 -13.92 6.03 -29.37  12.13 25.82 114.46 158.37 108.30 
PUt25 octa0.1 16.06 10.72 -17.63 2.87 -31.20  13.46 28.66 122.76 143.70 96.47 
PUt25 octa0.5 15.24 10.21 -15.06 5.03 -31.03  12.03 25.72 111.96 140.53 95.30 
PUt25 octa1.0 17.05 11.48 -3.25 17.70 -30.37  3.05 6.56 101.32 107.70 98.47 
PUt25 octa5.0 19.38 13.60 -0.02 23.20 -28.53  2.16 4.84 111.07 125.87 74.97 
 
Table 8.4 shows the analysis of the DSC thermograms and clearly indicates that there is a 
substantial decrease in HS crystallinity of both octa-functional and di-functional POSS at 5.0 wt% 
loading.  
 
Figure 8.10: SAXS of (a) di-functional POSS and (b) octa-functional POSS based PUt25 composites 
  
 SAXS of octa-functional and di-functional POSS are shown in Figure 8.10. Variations in 
peak position indicate that the size of the 3-D periodic domains in the POSS samples are altered 
by the interaction of the SPU with the POSS molecules. No trends were observed compared to 
a b 
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previous SAXS data, however, it should be noted that POSS molecules do not scatter at low q to 
the same extent as the silica particles. It was unclear why PUt25 di1.0 displayed such a different 
scattering profile than the other samples.  
Table 8.5: SAXS analysis of di-functional and octa-functional POSS SPU composites 
Sample Degree of Phase Separation (%) d-spacing (nm) 
PUt25  46.32 15.2 
PUt25 di0.1  32.66 17.5 
PUt25 di0.5 34.27 17.4 
PUt25 di1.0 19.88 15.9 
PUt25 di5.0  30.48 16.7 
PUt25 octa0.1 32.15 14.8 
PUt25 octa0.5 30.41 14.9 
PUt25 octa1.0 31.43 20.5 
PUt25 octa5.0 46.65 15.3 
 
Table 8.5 indicates the analysis of SAXS data performed using Origin Software. Periodic spacing 
of the domain size shifts with addition of POSS molecules, however, no clear trend is observed.  
 
  
Figure 8.11: Tensile properties POSS molecule composites at a rate of 50 mm/min (a) elastic modulus and 
(b) strain-at-break vs. particle concentration 
  
 The tensile properties of SPU containing POSS molecules added in situ depended on the 
degree of functionality of the POSS molecule. The strain-at-break enhancement observed 
a b 
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previously for SPU-silica particle composites was only observed for octa-functional POSS and 
not for the di-functional POSS composites. Since octa-functional POSS displayed amazing strain-
at-break and had an NCO : OH ratio of 1 : 1 we may assume that cross-linking within the HS-rich 
domains is a critical parameter in the observed increase in plastic deformation. Regions of 
chemically cross-linked HS is dragged through amorphous SS increasing the strain-at-break. 
Because octa-functional POSS molecules differ from the previous particle filler composites 
which had an excess of NCO we are able to rule out allophonate side-reactions and slippage of 
lower MW chains as the primary cause of plastic deformation.  
Table 8.6: Summary of tensile properties of PUt25 diXX and PUt25 octaXX with a crosshead rate of 50 
mm/min 
Sample Elastic Modulus (MPa) Tensile Strength (MPa) Strain-at-Break (%) 
PUt25 14.4 ± 4.1 5.3 ± 0.6 93.0 ± 56.6 
PUt25 di0.1 5.8 ± 0.6 2.8 ± 0.3 132 ± 28.7 
PUt25 di0.5 14.5 ± 3.0 3.8 ± 1.1 116 ± 21.4 
PUt25 di1.0 6.5 ± 1.4 3.7 ± 1.1 255 ± 149.4 
PUt25 di5.0 5.3 ± 1.5 1.9 ± 0.2 123 ± 17.4 
PUt25 octa0.1 7.8 ± 3.1 22.2 ± 0.3 2367 ± 279.6 
PUt25 octa0.5 6.9 ± 0.6 15.9 ± 1.9 1795 ± 235.1 
PUt25 octa1.0 13.0 ± 6.9 9.6 ± 8.5 884 ± 97.4 
PUt25 octa5.0 9.6 ± 1.7 5.3 ± 0.4 507 ± 55.7 
 
Additional evidence of cross-linked regions being the main factor in the increased deformation of 
in situ SPU-silica filler composites is the fact that no enhancement in strain-at-break was 
observed for the di-functional POSS molecules. Although there is evidence that HS crystallinity 
is decreased with addition of di-POSS there exists no significant increase in strain-at-break with 
increasing di-POSS concentration.  
8.6 Conclusions  
 Micrometer-sized and molecular-sized silica based fillers were placed covalently into an 
SPU matrix. Like the unmodified particles in Chapter 5 the cross-linked composites, PUt25 
octaXXi, showed increased strain-at-break while the di-functional POSS composites, which were 
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only in the backbone of the SPU chains, did not. DSC and FTIR indicated that the HS 
crystallinity was not completely suppressed in the SPU-micrometer-sized silica particle 
composites even at 5.0 wt% concentration. This was due to the large degree of spacing between 
particles. It has become clear that the plastic deformation enhancement is strongly related to the 
cross-linking of filler and SPU matrix. Cross-linking is beneficial to the strain-at-break of the 
composites as a result of forming regions that can be dragged through the SS with increasing 
strain. These values are influenced strongly by the extent of cross-linking and the size and 






CHAPTER 9: SUMMARY, CONCLUSIONS AND FUTURE RESEARCH GOALS OF 
SEGMENTED POLYURETHANE COMPOSITES 
 
9.1 Summary and Conclusions of Pristine Segmented Polyurethanes and Composites  
 Chapter 3 demonstrated a correlation between PEG-based SPUs of increasing HS content 
and their decreasing SS crystallinity and Tc. HS contents >50 wt% were used in order to form a 
HS dominated structure in which the rigid HS superstructures confine the PEG chains motions 
and ability to crystallize. The morphology of the HDI-BDO HSs could be controlled via thermal 
processing. A relationship was determined in which controlling the crystallization conditions of 
the HS led toward a controlled confinement of SS. Annealing at high temperatures (above the Tm 
of the PEG) formed well ordered crystalline domains around the melted, amorphous PEG. 
 In Chapter 4, pristine PTMG-based SPU was synthesized containing 25 wt% HS. The 
pristine SPU displayed traditional elastomeric mechanical properties. PUt25 was blended with 
unmodified silica nanoparticles, methyl modified silica nanoparticles and micrometer-sized silica 
particles. Variations in particle size and functionality had no effect on the location of the silica 
particles within the SPU matrix. Every PNC sample made via the blending method displayed 
brittle mechanical properties. Blended composites had an increased degree of crystallinity for 
both HS and SS. Silica particles acted as nucleation sites for the SPU segments, observed by an 
increased shift of Tc. Schematic representations for molecular behavior under load were proposed 
for a pristine PUt25 matrix and a blended PUt25 matrix containing unmodified silica 
nanoparticles. 
In Chapter 5 an in situ SPU-silica nanoparticle composite was designed that had highly 
deformable properties. It was determined that the silica nanoparticles were primarily located 
within the HS-rich domains. The SPU-silica nanoparticle composites became less crystalline with 
increasing silica nanoparticle concentrations. A molecular representation of SPU-silica 
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nanoparticle composites under load was provided. Increased cross-linking between the silica 
nanoparticles and HS at 1.0 wt% and 5.0 wt% led to a reduced mobility within the matrix which 
prevented plastic deformation and explains an abrupt decrease in strain-at-break above a 
particular silica nanoparticle concentration (i.e. a rigid network formed).   
In Chapter 6, variations in the HS concentration of in situ SPU-silica nanoparticle composites 
was evaluated with respect to morphology and mechanical properties. With increasing HS 
content, the effects on the composite morphology and mechanical properties caused by the silica 
nanoparticles presence is reduced. PUt45 UnXXi composites displayed the least change in 
morphology and properties upon the addition of silica nanoparticles. Schematic representations 
were proposed to clarify how the decreased ratio of HS bound to silica nanoparticles vs. bulk HS 
reduced the effect of silica nanoparticle addition on morphology and mechanical properties.  
In Chapter 7 amine functional groups were added to the silica nanoparticles and placed within 
an SPU composite via in situ synthesis. The composites of the amine modified silica 
nanoparticles and SPU matrix showed a dramatic increase in strain-at-break at low silica 
nanoparticle concentrations. The values were extraordinary at all concentrations of silica 
nanoparticles. HS crystallinity was not completely suppressed even at 5.0 wt% amine modified 
silica nanoparticle concentration. Silica nanoparticles were most likely relegated at first to HS-
rich domains followed by the interface between HS and SS-rich domains; this resulted in a 
greater reinforcing effect than when relegated solely in HS-rich domains.  
In Chapter 8 micrometer-sized and molecular-sized silica based fillers were placed covalently 
into an SPU matrix. Cross-linked composites, PUt25 octaXXi, showed increased strain-at-break 
while di-functional POSS composites, which were only in the backbone of the SPU chains, did 
not. HS crystallinity was not completely suppressed in the SPU-micrometer-sized silica particle 
composites even at 5.0 wt% concentration; this was due to the large degree of spacing between 
particles. The plastic deformation enhancement is strongly related to the cross-linking of filler 
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and SPU matrix. Cross-linking is beneficial to the strain-at-break of the composites as a result of 
producing regions that can be dragged through the SS as elongation increases. Extent of cross-
linking and the size and concentration of the filler is paramount to the SPU morphologies and 
mechanical properties observed.  
A summary of findings of Chapters 4 through 8 indicate that the increase in strain-at-break 
upon in situ addition of silica fillers into an SPU is due to the cross-linking of the SPU at local 
points by the silica fillers reacting with HDI. As silica nanoparticles and the HS crystals are 
placed under tension they reorient within the SS matrix. These rigid regions then flow as they are 
elongated increasingly further. Plastic deformation is increased and the motion of the chemically 
and physically cross-linked regions stop crack propagation delaying mechanical failure. Silica 
filler size and functionality play a secondary role to cross-linking as cause for the increase in 
strain-at-break. Silica filler size and functionality will affect the interaction between SPU 
domains and silica filler resulting in changes in morphology. Increased reactivity of amine 
modified silica nanoparticles translated to SS being covalently bound to the silica nanoparticle. It 
is believed that these hybrid HS/SS bound silica nanoparticles were more at the interface of the 
HS and SS-rich domains and result in the property enhancements that were greater than the SPU-
unmodified silica nanoparticle composites. The strain-at-break enhancement is expected to exist 
for all types of SPU and composites as long as a careful balance between composition, filler 
concentration and morphology is maintained.  
9.2 Suggested Research Experiments  
 The knowledge gained through research is never truly complete. Conclusions that arise 
from experimental results are transformed into new questions which in turn creates an endless 
wheel of scientific exploration. The intriguing nature of SPUs makes them an ideal candidate for 
exploration into the governing principles of polymer physics and chemistry in a non-ideal system. 
Since 1937 PUs have existed in one form or another, yet nearly 85 years later we are still 
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exploring the fundamentals that relate morphology and properties. I propose the following 
modifications to the composites designed in previous chapters for use in applications and 
scientific endeavors.  
9.2.1 Suggested Scale-Up Synthesis 
 SPUs synthesized in Chapters 3 through 8 were specialized for small batch sizes that may 
be performed in a moderate sized research laboratory. In order to maintain highly linear chains 
PEG-based SPUs were synthesized with >90 wt% solvent. Chapters 4 through 8 decreased the 
amount of solvent to a more manageable 75 wt%, but magnetic stirring and small reactor sizes 
limited the maximum product to 100 g. 
 One-pot synthesis is significantly more effective in the formation of large-scale PUs than 
the 2-step procedure. One-pot synthesis will cut down on synthesis time and the number of steps 
required in order to create SPUs by placing all the components for reaction into the reaction 
vessel at the onset of the synthesis. The costs of this process, however, are decreased control over 
homogeneity of the HS and MW. 
 2 additional variables to control for scaling-up of SPU composites production would be 
to switch to mechanical stirring (a necessity for large batch reactors) and the replacement of 
DMAc with a more volatile solvent. In some cases solvents are not necessary for the synthesis of 
SPU and lead to "green" reactions. It is my recommendation that a less hazardous solvent such as 
THF or acetone be used in place of DMAc. THF would be the preferred solvent. These solvents 
do not have the solvating properties of DMAc and would required a change in synthesis 
temperatures to below their boiling point, but would be recoverable without vacuum, require less 
heat to react (a forced change due to significantly lower boiling points) and would not require a 
precipitation step to crash the SPU out of solution as MW of the product increased. Use of HDI-
BDO as a HS limits the removal of solvent from the synthesis process and addition of covalently 
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attached silica fillers would increase product MW and viscosity to high enough extent that a 
solvent is still required. 
 As for the PTMG-based SPU composites it appears clear that the 35 wt% HS is the 
optimal HS concentration for elastomeric properties. The length of the HS is not too large that it 
limits the extensibility of the material. However, 35 wt% HS content is large enough that it may 
strongly organize into well-ordered domains making it more mechanically robust and thermally 
stable in its pristine form compared with the 25 wt% HS SPU. 
 Cost-benefit analysis is recommended in decision of whether to use amine modified silica 
nanoparticles or as-received silica nanoparticles. Modification of silica nanoparticles with amine 
functionality is a facile reaction but does incur additional costs and steps. Strain-at-break 
enhancement at 0.01 and 0.05 wt% amine modified silica nanoparticle concentration was 
significant without the detriment to elastic modulus. However, similar enhancement at 0.1 wt% 
unmodified silica nanoparticle addition is seen in regards to strain-at-break with only some loss of 
elastic modulus. 
9.2.2 Suggested Future Experiments for SPU Composites 
 It is suggested to change the HS component from HDI-BDO to hydrogenated MDI 
(H12MDI-BDO). The studies in the prior chapters are unique as they take advantage of the 
structure of HDI-BDO in order to form nanocomposites with observable changes in morphology 
and properties. Most commercial and scientific studies of SPU have used ring-like diisocyanates 
as a HS. Ring-like diisocyanates are not flexible like the HDI structure and crystallize in a linear 
stacked form instead of a chain folded form. HS chains which are not flexible have between 2- to 
3-fold the elastic modulus value of HDI-BDO HS, but come at a potential cost. The rigid 
H12MDI-BDO HS may not fold easily crystallize, bringing up the question: what effect will 
nanoparticle addition have on the morphology and properties of these structures?  
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Figure 9.1: Representation of a (a) nanoparticle brush coated with SS, (b) Janus nanoparticle one side 
coated with SS the other with HS  
  
 In the prior 2 chapters silica nanoparticles were desired to be covalently attached within 
the HS alone. From this initial foray into SPU composite research I propose 2 additional 
experiments that rely on nanoparticle addition to probe the interconnection between particle and 
morphology.  
 First, in situ addition of silica nanoparticles into the SS through polymer brush coated 
silica nanoparticles. Research similar to this has been performed in the past, often with mixed 
result on properties. The benefit of large scale studies, like those performed in the prior chapters, 
is that the results do not need to be compared to others but to the structures synthesized in the 
same group. Variations in chemistry and synthesis conditions are limited making direct 
comparison of the results of experiments more likely to observe trends that will elucidate the 
polymer physics that govern morphology and properties. For this reason, additional research into 
placement of silica nanoparticles covalently into the SS should provide additional information 
that is directly comparable to the experiments from Chapters 4 and 5 providing a more vivid 
picture of SPU composites. 
 Secondly, in situ addition of silica nanoparticle at the interface of SS and HS via the 
modification of silica nanoparticles with Janus functionality. Janus was the Roman god of 
transitions, beginnings/endings and doorways. Janus possessed 2 faces that faced in opposite 
directions. For this reason the particles possessing a hydrophobic and hydrophilic side were thus 
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named Janus particles. The advancement of Janus nanoparticles has grown to include the growth 
or attachment of polymer chains. An intriguing experiments would be to produce a Janus 
nanoparticle possessing a SS on one side and a HS on the other. What effect on SPU morphology 
and properties will occur?  
 The possibilities of SPU and nanocomposites are endless, literally; with a multitude of 
possible variations that may be manipulated for scientific and engineering goals. The foundations 
that govern polymer physics and chemistry of pristine SPU and their composites discovered here 
provide a strong foundation for future research in the area of SPU composites. 
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